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ABSTRACT 
 
Hot charge carriers possessing high kinetic energy have drawn attention across a 
variety of research fields from its enhancement of electron transfer and injection in 
photovoltaic and photocatalytic applications. However, generating hot carriers from 
solar radiation is very difficult, requiring excess kinetic energy from high energy 
photons or a large photon flux. Metal nanoparticles were revealed as a potential hot 
carrier generation material, owing to their large absorption cross section and plasmon 
mediated hot electron generation mechanism already demonstrated in gold and silver 
nanoparticles. However, the excess kinetic energy is relatively low due to the low-lying 
Fermi level and fast carrier thermalization.  
The development of semiconductor quantum dots (QDs) has occurred over the 
past several decades resulting in the understanding of their photophysical properties and 
synthetic methods. One initial expectation was the slow carrier relaxation providing 
efficient hot electron generator due to a “phonon bottleneck”. Although the actual 
relaxation process is still fast considering Auger relaxation, QDs are still a promising hot 
electron generation material. Additionally, doped QDs provided an extended capability 
to manipulate charge carriers. Among all dopants, Mn
2+
 and Cu
+
 can store energy from 
the exciton or separate electrons from holes respectively. The long lifetime of excited 
Mn
2+
 dopants (~ ms) and copper dopants with holes trapped around (~ μs) can realize 
back energy transfer from Mn
2+
 dopants to band edge electrons producing high energy 
hot electrons.  
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Given that Mn doped QDs showing strong 
4
T1-
6
A1 transition of Mn
2+
, It has the 
special capability to probe only energy transfer process in QD-reduced graphene oxide 
(RGO) structure. With the knowledge of energy transfer kinetics in RGO-QD 
composites, better photocatalyst could be designed to omit energy transfer as a pathway 
of carrier consumption. Then hot electron enhanced photocatalytic hydrogen production 
from water was demonstrated. This potentially proved the hot electron generation 
mechanism. Furthermore, hot electron was found to be much more capable to undergo 
electron transfer across insulating aluminum oxide layer which showed the potential of 
making hot electron based optoelectronic devices. To provide the benefit of hot electron 
generated from QDs, photoemission of electrons due to hot electron generation was 
studied as well. With ultra-high kinetic energy, hot electrons were even capable to 
escape QDs and emit into vacuum. Finally, highly uniformed perovskite QDs were made 
showing the potential of a new host of hot electron generation materials.        
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NOMENCLATURE 
 
r
*  
Normalized size of nanoparticle 
Jhot   Hot electron photoemission current 
𝜇𝐵𝑟−   Chemical potential of Br
-
 
ODE   1-Octadecene 
OAm   Oleylamine 
OA   Oleic acid 
QDMn   Mn
2+
 doped CdS/ZnS core shell structure  
GO   Graphene oxide 
RGO   Reduced graphene oxide 
4-ATP   4-Aminothiophenol  
ITO   Indium tin oxide 
MPA   3-Mercaptopropionic acid 
ALD   Atomic layer deposition 
MQ water  Milli-Q water 
XPS   X-ray photoelectron spectroscopy 
XRD   X-ray diffraction 
TEM   Transmission electron microscopy 
EDS   Energy dispersive X-ray spectroscopy 
AFM   Atomic force microscopy 
cw   Continuous wave 
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CHAPTER I  
INTRODUCTION 
 
Hot charge carriers are either electrons or holes possessing excess kinetic energy 
compared with carriers in their fully relaxed states in solid state materials. Both metal
1-3
 
and semiconductor materials
4-8
 were used as hosts to generate hot carriers. Since 
electrons are more commonly used in various applications such as photovoltaics and 
solar cells, the study of hot electron generation is extensive.   
Hot electrons in metal and semiconductor nanocrystals have received much 
attention due to their extraordinary capability to undergo interfacial charge transfer
3,4,8-12
 
and induce energetically expensive reactions which low energy electrons cannot be used 
for
2,13-17
. The excess kinetic energy of hot electrons could lower the energy barrier for 
electron transfer at the interface which is often faster than the cooling or relaxation of 
electrons, potentially benefitting energy harvesting solar cells,
18,19
 optoelectronics
3,11,20,21
 
as well as photocatalysis
2,22,23
.  
Hot electrons in metal nanoparticles have recently been intensively studied in 
recent years. The hot electrons are generated by the non-radiative decay of the excited 
plasmon where either they can undergo very fast thermalization (100 fs-10 ps),
1
 or if 
there exists an electron accepting orbital like an adsorbate or an attached semiconductor, 
the hot electron could be extracted. Therefore, hot electron photocatalysis was developed 
for many reactions such as the reduction of water, oxygen, and hydrogen dissociation. 
However, it is known that plasmon excited hot electrons thermalize to form a Fermi-
 2 
 
Dirac distribution via electron-phonon scattering and this is a very rapid process which 
could be on the same order of magnitude as hot electron transfer (10-100 fs). This makes 
the electron hard to be used efficiently for photocatalysis and photovoltaics. Some metal-
semiconductor hetero-structures have been made to partially solve this problem owing to 
the plasmon mediated electron transfer (PMET) process.
12
 By forming an interfacial 
barrier ϕb across the metal/semiconductor interface assisting charge separation, the 
hertero-structure could effectively prevent back electron transfer thus enhance the 
photocatalytic efficiency. Many applications have demonstrated this type of 
photocatalyst such as water splitting, oxygen reduction, and alcohol oxidation.
24
 Despite 
the enhanced efficiency, one significant drawback is the energy loss of the hot electron. 
Since the hot electron was transferred to the CB of a semiconductor, it is no longer “hot” 
because the excess kinetic energy has already been dissipated.  
In this dissertation, we developed a new way to generate highly energized hot 
electrons by using doped quantum dots. Doped nanocrystals are able to show 
distinctively unique properties compared to undoped nanocrystals in a variety of aspects 
such as optical,
25,26
 magnetic
27
, and photoelectric properties
28
. For instance, Mn-doped 
CdS quantum show quenched exciton emission from the very efficient energy transfer 
between the exciton and dopant giving long-lived Mn
2+
.
29
 In addition, spin-polarizable 
excitonic photoluminescence and magnetic polaron formation are new magnetic 
properties that are introduced by paramagnetic doping.
30
 As will be discussed below, hot 
electron generation by back energy transfer was also discovered in Mn-doped 
nanocrystal as a novel photophysical property.
31
 Apart from Mn
2+
 doping, Cu-doped 
 3 
 
nanocrystal have also attracted attention due to their special capability of manipulating 
the exciton by the separating hole and electron.
32-35
 The Cu impurities locally  trap the 
holes causing the radiative charge recombination lifetime to extend to 1 μs compared to 
10 ns in undoped nanocrystals.  
Above all these properties, we are particularly interested in exciton manipulation 
such as exciton-to-dopant energy transfer by Mn
2+
 and hole trapping by Cu. For Mn
2+
 
doped quantum dots, the strong overlapping of exciton wavefunction and Mn
2+
 d orbitals 
makes the exciton-dopant energy transfer ultrafast. Therefore, Mn
2+
 d-d emission is less 
affected by imperfections of nanocrystals and the environment. More importantly, the 
spin-forbidden nature of excited Mn
2+
 emission makes the lifetime of excited Mn
2+
 
extremely long (~ 6 ms). This results in the energy being stored in the excited Mn
2+
 state 
for a long enough time until another exciton is created. With both a band edge electron 
and an excited Mn
2+ 
state, back energy transfer can occur dumping the energy stored in 
Mn
2+
 back to the bandedge electron generating a hot electron with very high kinetic 
energy. Additionally, the Cu dopant could enhance the lifetime of the bandedge 
electrons so they could be more available for back energy transfer from excited Mn
2+
. 
This provides a very promising host design to generate hot electrons.  
Given the ability of doped quantum dots to generate hot electrons, the 
enhancement of photocatalysis and photovoltaic devices based on this kind of material is 
expected. In this dissertation, different pathways of excited Mn
2+
 relaxation will be 
studied. Then hot electron generation probability will be estimated in Mn-doped 
CdS/ZnS core/shell quantum dot system as well as demonstrated by hot electron-
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enhanced hydrogen production. To better understand hot electron generation, the excess 
kinetic energy will be estimated through fabrication of quantum dot based photovoltaic 
devices and photoemission tests. Last but not least, potential host structures will also be 
made to further enhance the hot electron generation efficiency.   
This dissertation is organized as follows. Chapter III will briefly overview the 
synthesis and characterization of Mn-doped CdS/ZnS core/shell quantum dot. In 
addition, RGO-Mn-doped QD composite will be made to study the energy transfer rate 
from excited Mn
2+
 to RGO. This will give us an insight to the energy pathways once 
Mn
2+
 is excited. Chapter IV will discuss the enhanced hydrogen production from water 
by hot electrons generated from Mn doped CdSSe/ZnS QDs and the hot electron 
generation efficiency was estimated. Additionally, the energy level of hot electrons was 
measured by fabricating hot electron photovoltaics as will be introduced in Chapter V. 
Chapter VI will discuss photoelectron emission from Mn-doped CdS/ZnS core shell 
quantum dots demonstratingd the hot electron possesses enough energy to escape into 
vacuum. In Chapter VII, recently introduced perovskite nanocrystals will be applied as a 
potential host material for hot electron generation. A new protocol via halide equilibrium 
to synthesize perovskite quantum dots with thermodynamic control rather than 
conventional kinetic control will be discussed as well for a better Mn dopant host. 
Chapter VIII summarize this dissertation with brief discussions about future works about 
Cu, Mn co-doped quantum dots and perovskite quantum confined structures.         
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CHAPTER II  
BACKGROUND AND LITERATURE OVERVIEW 
2.1 Synthesis of II-VI Semiconductor Nanocrystals and Doped Quantum Dots 
2.1.1 Model of Synthesis II-VI Semiconductor Nanocrystals 
        Colloidal semiconductor nanocrystals have been developed for over 20 years. 
Obtaining high quality monodispersed colloidal semiconductor nanocrystal solutions are 
critical to both fundamental studies and its applications on many fields such as 
optoelectronics
36-40
 and solar energy harvesting
41,42
. The first monodisperse CdE (E=S, 
Se, Te) semiconductor nanocrystals were made by a organometallic high temperature hot 
injection method in 1993.
43
 The key idea for the size and size distribution control is 
based on the kinetic LaMer model.
44,45
  Briefly, in a system where the monomers of a 
 
 
Figure 1. Scheme of nucleation burst in LaMer model. S stands for super saturation 
level. Stage I, II, and III are different growing stages.  
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crystal are oversaturated, burst nucleation could occur causing all particle nucleates to 
grow at the same time  with  the same growing history. Therefore, if the reaction was 
stopped by reducing the system temperature, all particles will stop at a certain growth 
stage. This will give rise to the mono-dispersity of the ensemble nanoparticle solutions 
since their growth originated from a single  nucleation event. After intense studies, 
various kinds of semiconductor nanocrystals have been made with mono-dispersity.
45,46
 
Figure 1 illustrates the LaMer model showing the nucleation burst. Concentration of the 
monomer, the minimum subunit of a bulk crystal, will be constantly increasing until it is 
saturated (S=1). Then the concentration will continue to increase until the 
supersaturation condition is satisfied (stage I at S=Sc). This is from the high energy 
barrier for spontaneous nucleation Which is overcome from the increasing monomer 
concentration (stage II). Then very rapid spontaneous nucleation will occur followed by  
the consumption of the monomer resulting in the decrease in nucleation speed until the 
monomer supply rate is exceeded by the nucleation rate (stage III). At this time, the 
nucleation is effectively stopped and nanoparticles will grow on all nuclei with relatively 
the same rate.  
        The basic idea of good mono-dispersity is achieved by separating nucleation and 
the growth process. In the LaMer model described before, nucleation was effectively 
stopped at the growth stage (Stage III). Two techniques are widely used to synthesis 
monodisperse nanocrystals: “hot-injection”43,47,48 and “heating-up”49,50. In this 
dissertation, the hot injection method will be mainly discussed from its wide use to 
synthesize a large variety of nanoparticles such as metal chalcogenides,
43
 metal 
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nanoparticles,
51
 and lead halide perovskites.
52
 In the hot injection method, excess 
amounts of precursors were rapidly injected into a hot surfactant solution. This will 
produce a high degree of supersaturation therefore triggering nucleation burst. After that, 
the monomer concentration will sharply decrease thus further nucleation will be stopped.  
        The growth stage can also have a dramatic effect on the dispersity of ensemble 
nanocrystals. Reiss proposed the first model describing the growing process of 
nanocrystals.
53
 In general, during the growth stage (Stage III), the small nuclei will grow 
bigger with the monomer in the solution and diffuse to the surface of particles. If the 
growth process was controlled by diffusion of monomers with relatively high 
supersaturation, the size distribution will become narrower and narrower since growth of 
bigger particles will take more monomers compared to the growth of smaller particles 
which means smaller particles grow faster. Consequently, the obtained particle will 
always have a narrow size distribution if the reaction is quenched when the reaction 
speed is slowed down. This is often called the “focusing” effect. However, the real 
synthesis is more complicated because the kinetics of nanocrystal growth also depends 
on the particle size. Small particles have a larger tendency to dissolve into the solution 
becoming monomers as well. This makes the smaller particle harder to grow because of 
its higher chemical potential, competing with the focusing effect. Combining these two 
effects, a model of particle growth kinetics could be derived:  
𝑑𝑟∗
𝑑𝜏
=
𝑆−exp⁡(
1
𝑟∗
)
𝑟∗+𝐾𝑒𝑥𝑝(
𝛼
𝑟∗
)
  (1) 
where S is the supersaturation level. The variables are normalized as r* which is the 
normalized size of the particle, τ is the normalized reaction time, and K is related to 
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volume of the particle and diffusion coefficient of the monomer. K represents the ratio of 
diffusion rate and crystal formation rate. The details of the derivation are in ref 45. From 
equation 1, the growth speed can be plotted as a curve shown in Figure 2. 
 
 
Figure 2. Growing speed at different normalized radius.   
 
        A typical curve in Figure 2 shows the growth speed of the nanocrystals as a 
function of normalized size under the condition of large supersaturation barrier as well 
as a large monomer diffusion coefficient. In this situation, a maximum growth speed will 
occur at r
*
=r
*
max. For the case r
*
>r
*
max, the size-dependent chemical potential of the 
particles contributes very little to the growth dynamics, so the growth rate depends on 
the mass-transport. Since the growth speed is slowed down, the reaction is in its 
“focusing zone” and the size distribution will be narrowed down. On the other hand, if 
the particle is easier to dissolute or/and the mass-transport is not sufficient, r
*
<r
*
max 
region will dominate. Therefore, the reaction will fall into the “defocusing zone”, 
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resulting in a wider particle size distribution the longer the reaction proceeds. This 
situation is also called Ostwald ripening which describes the dissolving of smaller 
particle to supply the monomers for larger particle growth usually happening when the 
supersaturation is low. More specifically, it could result from either a very fast growth 
speed that consumes the monomer too rapidly or from the fast dissolution of the particle. 
Consequently, to obtain a very monodispersed particle ensemble, the reaction has to be 
maintained under a suitable condition that suppresses Ostwald ripening.  
 
2.1.2 Synthesis of Doped Quantum Dots 
        Individual semiconductor nanocrystals usually contain hundreds or thousands of 
atoms and can be treated as building block for artificial solids like atoms for molecules. 
It is natural to believe modifying QDs by introducing impurities will change the 
nanocrystals electronic, optical and magnetic behavior.
25
 Doping of bulk semiconductors 
with impurities was widely used to improve the properties in electronic and optical 
applications.
54
 Furthermore, doping nanocrystals with quantum confinement could 
potentially generate phenomena that are different from bulk crystals. However, 
incorporating impurities is challenging in nanocrystals with problems such as self-
purification occuring. In this dissertation, Mn and Cu doping will be primarily discussed 
whereas many other dopants were also successfully incorporated into nanocrystals. In its 
early stages, synthesizing low Mn doping concentrationsin quantum dots was difficult  to 
obtain.
25,55
 Therefore, to avoid dopant lost, some room temperature synthesis methods 
were reported. In 2000, Bawendi and coworkers studied the Mn doping locations 
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spectroscopically for doped quantum dots made via hot injection method.
56
 It was found 
that most of the dopant was on the surface layers. Later, Norris et al. made high quality 
Mn-doped ZnSe via hot injection as well.
57
 They reported higher doping efficiencies in 
ZnSe later in 2005 by confirming experimental results with theoretical calculations.
26
 
They reported that Mn doped better on a zinc blend rather than wurtzite structure from 
adsorption of dopants on (001) surface of ZnSe.  A major issue in doping Mn is believed 
to originate from the self-purification effect where Mn was treated as a defect resulting 
in a larger amount of energy being needed to form a dopant site in smaller particles.  
        To overcome this issue, several new strategies were developed. Peng and coworkers 
used nucleation doping and made high quality Mn doped ZnSe quantum dots.
58
 This 
method separates the nucleation of dopant clusters and the growth of ZnSe nanocrystals. 
Briefly, dopant precursor and host precursors are heated up to trigger nucleation at a 
relatively high temperature. After nucleation, particles were doped, then the reaction 
condition was tuned to suppress dopant precursor decomposition so only the host 
monomer will grow on the existing nuclei. This offers a good way to prevent surface 
doping and have a relatively high doping concentration. The same synthetic method was 
also successfully applied on cadmium based quantum dots.
32
  
        Furthermore, to separate the doping process from host structural growth, a layer-by-
layer method was used. Cao and coworkers used this method to have radial position and 
doping concentration controlled Mn doped CdS/ZnS core/shell quantum dot with a high 
quantum yield.
59
 In this method, the host structure synthesized and cleaned thoroughly to 
remove any of the host precursors ensuring only Mn dopants would be incorporated.  
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Once the particle was doped, additional host precursors were introduced at a mild 
condition to have the dopant coated and protected. Since the mobility of Mn
2+
 is low 
even at elevated temperature, the self-purification could be efficiently suppressed. By 
using this method, precise control of doping location and concentration could be 
achieved in several host structures such as CdS, CdSe, ZnS and ZnSe.
60-63
 
        Cation exchange was also discovered to be an efficient and convenient way to 
modify the composition of nanocrystals as a post synthetic method.
64
 The advantage of 
this method is the controllability through preserving the host structure while tuning the 
doping concentrations being used to introduce both Mn and Cu dopants.
28,65
  
 
2.1.3 Graphene Oxide (GO) and Reduced Graphene Oxide (RGO) 
        Graphene emerged as a new carbon allotrope in recent years. It attracts most 
researchers’ attention from its outstanding electrical and optical properties such as high 
electrical conductivity and strong light absorption suitable for various optoelectronic and 
photocatalytic applications.
66-69
 However, the absence of functional groups in pristine 
graphene makes it less ideal for chemical modifications to create more complex hybrid 
structures that can take advantage of the unique properties of graphene as well as other 
materials. This led to the use of graphene oxide from its ease in  production and 
modification.
70,71
 However, it is often inferior to graphene since the sp
2
 carbon 
networking was broken by sp
3
 carbons. Therefore, RGO that retains more properties of 
graphene is preferred as a scaffold to add additional functionality.   
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2.1.4 Electronic Structures of Semiconductor Nanocrystals 
        Semiconductor nanocrystals have a unique electronic structure from its small size 
thus being called quantum dots. The Bohr radius of an exciton in typical II-VI 
semiconductor is on the order of tens of nanometers. Therefore, excitons created in the 
semiconductor with comparable size of the host Bohr radius will experience a strong 
quantum confinement effect causing size dependent electronic structure. To study the 
electronic structures of semiconductor nanocrystals, multiband effective mass 
approximation was applied.
72
 In this theory, the wavefunction of a particle is treated as a 
periodically-repeating Bloch wave. The band structure could be calculated by k·p theory. 
Then quantum confinement was considered when particles are confined in a spherical 
shaped potential well, its wavefunction could be described by hydrogen-like envelope 
functions with spherical harmonic and Bessel function.
73
 Therefore, the wavefunction of 
the exciton is expressed as the multiplication of the hydrogenate wavefunction and the 
Bloch function. With this notation, the electron and hole state could be represented as S, 
P, D… as the angular momentum of the envelop. The subscription e and h indicates the 
electron or hole states. The total angular momentum is the sum of the angular 
momentum envelope wavefunction and Bloch function.  
        For spherically symmetric crystals like small CdSe nanocrystals with cubic lattice 
structure, the first electron state is a 1Se state doubly degenerated with spin projection 
having s-like symmetry. Whereas the first hole state with a p-like symmetry is a 1S3/2 
state four-fold degenerate with the total angular momentum projection (M=3/2, 1/2, -1/2, 
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and -3/2). This is a result of spin orbit coupling that lifts the degeneracy of a 6-fold p-
like orbital into one fourfold degenerate state and a twofold degenerate state (split-off 
band). Bawendi et al. had assigned optical transitions on the absorption spectrum of 
various sizes of CdSe quantum dots showing the validity of this model.
73
 
         When an exciton is created via light excitation, they will relax to the band edge 
very rapidly via phonon coupling.
74
 In typical II-VI semiconductor quantum dots, the 
effective mass of a hole is generally larger than the electron and the energy differences 
between two adjacent hole levels of the hydrogen like exciton states are relatively small 
(~ 100 meV). This is on the level of LO phonon energies in typical II-VI QDs which is 
on the order of tens of meV.
75
 Therefore, the relaxation of a “hot” hole to the ground 
hole state is easy and fast. On the contrary, an electron generally has a smaller effective 
mass. This gives rise to the larger gap between two electron states (> 200 meV) in a 
quantum confined region.
75
 Because of the mismatch of energy gaps, the relaxation 
through LO phonon coupling is weak for “hot” electrons. However, due to the quantum 
confinement, electron-hole interaction is strong.
76
 The intraband relaxation of electron 
can undergo an Auger mechanism through the excitation of a hot hole via relaxation of 
the hot electron, and then the hot hole relaxation via phonon coupling.
75,77-79
 This 
process plays a critical role on fast hot electron relaxation (~ ps). To prevent this from 
happening, separation of the electron and hole is required
80
 which has been done by 
synthesizing type-II structures or utilizing a surfactant hole trap to prevent intraband 
relaxation of electrons.
81
  have shown hot electron lifetimes of >1 ns.
82
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2.2 Dynamics of Photoexcited Doped QDs     
        In addition to altering the structure of QDs to modify the dynamics of exciton or 
charge carriers, doping provides another convenient way to manipulate the excitons in 
QDs.
83
  
        Figure 3 shows the relaxation pathways of Mn doped II-VI QDs. After the exciton 
was created, it could undergo radiative 1) or non-radiative recombination pathways 4), 
5). While QDs will always have traps states, both electron trapping 4) and hole 5) 
trapping could happen causing the localization of the electron or hole resulting in either 
their non-radiative recombination  or radiatively through trap emission.   
 
 
 
Figure 3. Exciton relaxation pathways of Mn doped QDs. 
 
 
        When Mn
2+
 dopants are introduced into the particle, the exciton can transfer its 
energy to Mn
2+
 and thus excite Mn
2+
 2)
84
 as long as the exciton possess higher energy 
than the transition in 3). The energy transfer process 2) could be very fast from the large 
exciton- Mn
2+
 wavefunction overlap due to the quantum confinement. More 
interestingly, the Mn
2+
 is highly localized in the nanocrystal, only sensitive to the local 
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ligand field but not the surface and environment causing it to be robust and stable. 
Furthermore, the spin forbidden nature of Mn
2+*
 relaxation makes the lifetime of Mn 
phosphorescence very long, typically 10
-4
-10
-3
 s.
85
 The extremely slow decay of excited 
Mn
2+
 in QDs makes it a perfect energy reservoir for back energy transfer to make hot 
charge carriers. The saturation of Mn emission was observed by both Gamelin and our 
group.
31,86
 The long lifetime feature makes the saturation of Mn dopant excited states 
possible under low intensity cw excitation. In addition, the high spin state of Mn
2+
 in the 
nanocrystal also makes this an ideal paramagnetic material. Gamelin et al. reported giant 
Zeeman splitting and large exciton magnetic polaron formation in Mn doped CdSe 
QDs.
27
 The energy transfer dynamic was thoroughly studied by our group’s previous 
work.
29
 Since the Mn doping is highly controllable, the exact doping concentration and 
doping location could be determined.  
        Figure 4 shows the relaxation pathways of Cu
+ 
doped QDs. Other than the typical 
dynamics in undoped QDs, the exciton could also be separated by Cu
+
 dopants.
87
 While 
it is still elusive about the valence of the copper dopants in II-VI QDs which could be 
either 2
+
 or 1
+
,
88-90
 more  reports indicate a 1
+
 oxidation state in CdS and CdSe since 
these QDs are more likely to be n-doped where the fermi level is higher than energy 
level of copper dopants.
34,35
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Figure 4. Exciton relaxation pathways of Cu doped nanoparticles.  
  
Pathway 3) represents the fast hole trapping by Cu
+
. This process is also very fast due to 
wavefunction overlapping and was recently determined to be ~25 ps by Gamelin and 
coworkers with doping level around 4.5%.
34
 Once the hole is trapped on the Cu
+
, it 
becomes localized efficiently separating the electron and hole, further giving rise to 
relatively long lived charge carriers in the nanocrystals. The charge carrier can also 
undergo radiative and non-radiative recombination as 2) process. One thing that is 
special about copper dopants is the energy level of copper ion is almost independent of 
the host II-VI material. This makes Cu related charge carrier recombination emission 
tunable by varying the conduction band
91
 enabling many LED and solar concentrator 
applications.
92-95
 
2.3 Hot Electron Generation 
2.3.1 Hot Electron Generation from Plasmonic Metal Nanoparticles 
        Hot electrons are generally electrons in excess of the thermal-equilibrium number. 
Due to their excess kinetic energy, hot electrons are more capable to overcome high 
energy barriers for both chemical reactions and electron transfer through a Schottky 
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barrier.
3
 Additionally, hot electrons will have a longer electron transfer range from its 
high kinetic energy making them useful for optoelectronic devices.
2
 To produce hot 
electrons, one can use high energy photons to excite electrons to higher energy levels. 
However, this often requires UV light which cannot be harvested easily from solar 
radiation. Another way to dump energy to electrons is by applying very intense light to 
have either multiphoton absorption or to excite electrons that were already on high 
energy levels.
96,97
 This method requires a very high intensity light source since the multi-
photon absorption cross section is typically orders of magnitudes lower than the linear 
absorption cross section. For multi-excitations of a single electron, high excitation power 
is also needed from the short lifetime of excited state electrons (~ ns in semiconductor 
nanocrystals). This cannot be readily achieved from solar radiation resulting in the need 
for a way to generate hot electrons with only moderately intense solar radiation.  
 Metal nanoparticles were found to be a potential source of hot electrons from the 
plasmon-induced hot electron generation.
1
 Upon excitation of the plasmon, there are 
several energy relaxation pathways. One way is to create hot electrons that are located 
energetically  higher than the fermi level. Briefly, as shown in Figure 5, after the 
excitation of the plasmon, the energy could be used to excite electrons on or below the 
fermi level to higher energy levels. This process happens in about 100 fs. Then the 
created charge carriers will undergo relaxation through carrier scattering to re-build the 
Fermi-Dirac distribution of electrons under a thermal equilibrium condition. This 
process happens rapidly with a time scale of 100 fs to 1 ps. Then the “heated” particle 
will dump its extra energy to the surroundings.  
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Figure 5. Scheme of hot electron generation in metal nanoparticles. a) Photoexcitation 
of localized plasmon. b) Landau damping process which excite the electrons to create 
hot carriers. During this process the carrier distribution is very non-thermal. c) Hot 
carrier redistribution to a more thermal equilibrium state. d) Heat dissipation. (Reprinted 
with permission from Brongersma, M. L.; Halas, N. J.; Nordlander, P. Nat. Nanotech. 
2015, 10, 25. Copyright 2015 Macmillan Publishers Limited.) 

 
 
Although plasmonic hot electrons are easy to generate given metal nanoparticles are 
good light absorbers there are still several drawbacks from the plasmon-assisted hot 
electron generation. First, only a few metals, such as Au or Ag, have a plasmon that 
absorbs visible light. Second, the Fermi level of metals are typically not high (~5 eV 
below vacuum)
98
 causing the resulting hot electron generated from a visible photon (~2-
3 eV) to have limited excess kinetic energy (~3 eV below vacuum). 
99
 Last but not least, 
as shown in Figure 5, the lifetime of the hot electron is short from the extensive phonon 
coupling resulting in thermal dissipation as the dominating pathway to release excess 
energy.  
                                                 

 Reprinted with permission from Brongersma, M. L.; Halas, N. J.; Nordlander, P. Nat. 
Nanotech. 2015, 10, 25. Copyright 2015 Macmillan Publishers Limited. 
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        Semiconductor nanocrystals were naturally a good choice as a visible photon 
absorber to convert photon energy to hot charge carriers. Due to its small size (several 
nm compared with tens of nm sized metal nanocrystal), it was believed that hot charge 
carriers would experience a “phonon bottleneck” thus having extended lifetimes. 
However, due to surface effects
76,81
 and the Auger process
75,78,79
, the relaxation of hot 
carriers is still fast (~ fs- ps).
74
 Therefore, to generate hot electrons, high energy photons 
or intense excitation are still required.  
 
 
2.3.2 Hot Electron Generation from Mn Doped QDs 
        Several years ago, multiple groups had discovered the saturation of PL from Mn 
dopants under increased excitation power which did not occur for exciton emission 
(below that power that could create two excitons). This implies that excited Mn dopants 
have other ways to 
23
 dump their energy. Both Gamelin group and our group had 
demonstrated the hot electron generation by back energy transfer from excited Mn 
dopants to electrons or holes of an exciton, as shown in Figure 6.
23,31
 
 
 20 
 
 
 
Figure 6. Hot electron generation from Mn doped QDs. The first photon creates an 
exciton and its energy will transfer to Mn dopants. Then a second photon creates another 
exciton, with the Mn dopants still in their excited state. Afterwards, back energy transfer 
happens to excite an electron into a very high energy state.  
 
        The hot electron generation mechanism is proposed as a step-wise two photon 
process as described below: First one exciton is created by an incident photon and 
energy is transferred to Mn dopants to excite one Mn
2+
 (Mn
2+*
). Then the next exciton 
could be created by a second incident photon. This does not require a very high incident 
light fluency due to the ultra-long lifetime of Mn
2+*
. With both an exciton and a Mn
2+*
, 
back energy transfer could happen between Mn
2+* 
and an electron on the conduction 
band edge or hole on the valence band edge. For energy transfer to electrons, the hot 
electron will possess extra energy of at least a Mn
2+* 4
T1 to 
6
A1 transition (> 2 eV). 
Given the conduction band edge of cadmium based QDs is usually < 3 eV below the 
vacuum level, the hot electron produced in this way is very close to the vacuum level. 
Compared with plasmonic hot electrons, it possesses more kinetic energy which will 
better benefit hot electron based photocatalysis and optoelectronics applications. 
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Additionally, only moderate intensity of visible light is needed. By varying the host QD 
compositions, the band edge energy could be tuned thus the hot electron energy could 
also be tuned. With many advantages, we have studied and applied hot electron from Mn 
doped QD to photocatalysis and devices as will be discussed below.       
2.4 Theory of Energy Transfer 
        In solid state materials and colloidal nanocrystals systems, understanding the 
energy flow is always a very crucial and interesting issue. As an isoenergetic process, 
energy could be transferred from an excited donor to excite a ground state acceptor non-
radiatively. This process could be mediated though electric dipole interactions or 
exchange interactions.
100
 In general, the energy transfer in a solid state material will have 
five stages (Figure 7): 1) donor absorbs energy E0 from a photon or other sources. 2) 
Relaxation through lattice surroundings with available electronic transition energy 
E1<E0. 3) Energy transfer from donor to acceptor. 4) Relaxation of energy in acceptor 
with available radiative transition energy is E2<E1, and 5) emission of E2.  Among these 
stages, step 2) and 4) are usually very fast (~10
-13
 s) since the energy is dissipated by 
phonons.  
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Figure 7. Different stages in a typical energy transfer process represented by 1)-5) as 
described in the text. |φd⟩ and |φd
*⟩ are donor’s ground state and excited state after 
absorbing energy E0. |φa⟩ and |φa
*⟩ are acceptor’s ground state and excited state 
respectively.  
 
        Among these steps, 3) is an isoenergetic process where energy transfer actually 
happens with the donor decay into its ground state exciting the acceptor. This requires a 
time which depends on the distances between donor and acceptors since the energy 
transfer occurs due to columbic interaction. The interaction can be through both 
coulombic and exchange interaction, which will be classified into Foster Resonance 
Energy Transfer (FRET) and Dexter energy transfer as will be discussed. 
        When energy transfer occurs, the relaxation of the donor and excitation of the 
acceptor will happen simultaneously because electronic transitions are too fast for 
environmental energy loss to occur. Therefore, the energy transfer probability, which is 
the probability of step 3), could be expressed by: 
𝑃𝐷𝐴 =
2𝜋
ℏ
|⟨Ψ𝐷∗𝐴|?̂?|Ψ𝐷𝐴∗⟩|
2
∫𝑔𝐷(𝐸)𝑔𝐴(𝐸)𝑑(𝐸)                                   (2) 
Where Ψ𝐷∗𝐴 and Ψ𝐷𝐴∗ are the initial and final state in step 3).⁡Ψ𝐷∗𝐴 represents the initial 
state, whose donor is on its excited state and acceptor on ground state. Ψ𝐷𝐴∗ represents 
the final state whose donor is on the ground state but acceptor is on its excited state.  
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𝑔𝐷(𝐸), 𝑔𝐴(𝐸)  are donor emission line shape and acceptor absorption line shape 
respectively.  
        From equation 2, it is obvious that energy transfer is governed by transition 
probability as well as spectral overlap. For both Foster and Dexter mechanisms, spectral 
overlap is always necessary. This is simply due to its isoenergetic nature. The spectral 
overlap is expressed as ∫𝑔𝐷(𝐸)𝑔𝐴(𝐸)𝑑(𝐸) in equation 2.  
The transition probability is expressed as |⟨Ψ𝐷∗𝐴|?̂?|Ψ𝐷𝐴∗⟩|
2
. Considering the spin 
wavefuntions, the matrix element could be written as:  
⟨Ψ𝐷∗𝐴|?̂?|Ψ𝐷𝐴∗⟩ =
⟨φ𝐷∗(𝑟1)φ𝐴(𝑟2)|?̂?|φ𝐷(𝑟1)φ𝐴∗(𝑟2)⟩ × ⟨χ𝐷∗(𝜎1)χ𝐴(𝜎2)|?̂?|χ𝐷(𝜎1)χ𝐴∗(𝜎2)⟩ −
⟨φ𝐷∗(𝑟1)φ𝐴(𝑟2)|?̂?|φ𝐴∗(𝑟1)φ𝐷(𝑟2)⟩ × ⟨χ𝐷∗(𝜎1)χ𝐴(𝜎2)|?̂?|χ𝐴∗(𝜎1)χ𝐷(𝜎2)⟩                                                                  
(3) 
        Where φ𝐷 , φ𝐴 ,  φ𝐷∗ , and φ𝐴∗ ⁡are the ground state orbital wavefunctions of the 
donor, acceptor and excited state of the donor and acceptor, respectively. χ(𝜎) reprents 
the corresponding spin wavefunction. The first line in equation 3 is usually called the 
coulomb integral and the second line is called the exchange integral. The Hamiltonian 
does not operate on spin wavefunctions. It is easy to find out that the columbic part will 
not allow spin flip transitions unless χ𝐷∗ = χ𝐷  and χ𝐴 = χ𝐴∗ , the coulomb integral 
vanishes. Therefore, when spin is conserved during the energy transfer processes, the 
coulomb interaction will be overwhelming and the exchange part’s contribution will be 
very small. This case is FRET. When the spin quantum number is changed from the 
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initial state to the final state, the coulombic part vanishes and the exchange part will be 
non-zero giving Dexter type energy transfer.  
       The Hamiltonian is the interactions between donor and acceptor. This interaction is 
expressed as all the coulomb interactions of all the electrons and nucleus of donor and 
acceptor mediated by the dielectric constant ε of the medium:  
?̂? =
1
4𝜋ε
∑
𝑒2
?⃑? +𝑟 𝐴𝑗−𝑟 𝐷𝑖
𝑖,𝑗                                                          (4) 
Where ?⃑?  is the vector from the donor nucleus to the acceptor nucleus. 𝑟 𝐴𝑗 and 𝑟 𝐷𝑖  are 
vectors from the acceptor, donor nucleus to acceptor, donor electrons respectively. When 
this is expanded in a Taylor series, the interaction could be treated as dipole-dipole 
interaction, dipole-quadrupole interaction and so on. If higher order interactions are 
omitted, the dipole-dipole FRET type energy transfer could have a probability of:  
         ⁡𝑃𝐷𝐴
𝑑𝑑 =
4𝜋
3ℏ
(
1
4𝜋ε
)
2 1
𝑅6
|〈𝜇𝐷〉|
2|〈𝜇𝐴〉|
2 ∫𝑔𝐷(𝐸)𝑔𝐴(𝐸) 𝑑𝐸                           (5) 
        Where |〈𝜇𝐷〉|
2 and |〈𝜇𝐴〉|
2 are the square of the transition dipole moment of donor 
and acceptor, respectively. This is the well-known FRET expression where the energy 
transfer rate is strongly dependent on the distance (R
6
) between donor and acceptor. 
Additionally, both donor and acceptor must have non-zero transition dipole moment. 
Thus, if spin is flipped during energy transfer process, the FRET rate becomes zero 
theoretically and Dexter type energy transfer will become dominate.  
        For spin non-conserved energy transfer, the Hamiltonian (equation 3) will become: 
             ?̂? = ∑
𝑒2
𝜀𝑟 𝑖𝑗
𝑖,𝑗                                                          (6) 
Then the energy transfer probability is:      
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              𝑃𝐷𝐴
𝑒𝑥 =
2𝜋𝑒4
ℏε2
|⟨φ𝐷∗(𝑟𝑖)φ𝐴(𝑟𝑗)| ∑
𝑒2
𝑟 𝑖𝑗
𝑖,𝑗 |φ𝐴∗(𝑟𝑖)φ𝐷(𝑟𝑗)⟩|
2
∫𝑔𝐷(𝐸)𝑔𝐴(𝐸) 𝑑𝐸       (7) 
        This means the exchange interaction is highly dependent on the wavefunction 
overlap between donor and acceptor. Since the electron wavefunction decays roughly 
exponentially over space, the energy transfer rate for Dexter type has a distance 
dependence of approximately exp(-2R/L) where L is an effective average Bohr radius 
for the excited and unexcited state of donor and acceptor.  
2.5 Perovskite nanocrystals 
2.5.1 Basic structure and synthesis of perovskite nanocrystal 
        Perovskite is a structure named after compounds which have the same type of 
crystal structure as CaTiO3. This type of crystal structure was discovered many decades 
ago and has been well-studied.
101
 Among them, metal halide perovskite, which is a 
semiconductor, draws greater attention from researchers due to its high absorption cross 
section and high photon power conversion efficiency.
102-104
 However, colloidal 
nanocrystals of metal halide perovskite were only successfully made recently. Park et al. 
synthesized (CH3NH3)PbI3 perovskite nanocrystal sensitized solar cell with an efficiency 
of 6.5%,
105
 proving the metal halide perovskite’s bright future as a photovoltaic material. 
Years later, Kovalenko et al. successfully made all-inorganic CsPbX3 (X=Cl, Br, I) 
nanocrystal by using a typical hot injection method.
52
 This material was found to be 
superior on many aspects: long charge carrier diffusion length,
106
 large absorption cross 
section,
107
 defect tolerance
108,109
 and high quantum yield
110,111
. Consequently, intense 
studies were made on this kind of nanocrystal material. For example, anisotropic 
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structure such as nanoplatelet
112-114
 and nanowire
115,116
 were made shortly after the first 
report of the nanocube. Bright LEDs made of this material were also made thanks to the 
high quantum yield and charge carrier conductivity of metal halide perovskite.
117
  
        The crystal structure of metal halide perovskite has a cubic lattice as shown in 
Figure 8. It could be treated as a repeated octahedral structure constructed by PbX6
2- 
with 
monovalent cation located in the center. The large monovalent cation could be Cs
+
, 
CH3NH3
+
, or CH(NH2)2
+
.  
 
 
 
Figure 8. Crystal structure of CsPbX3 (X=Cl, Br, I).   
 
        Although the metal halide perovskite is portrayed as a cubic structure, there are 
distorted variants existing such as tetragonal and orthorhombic structure.
118
 For example, 
CsPbX3 nanocrystal will have distortion so it becomes orthorhombic.  
        The synthesis of metal halide perovskite, especially for CsPbX3 and FAPbX3, is 
very easy due to the ionic nature of the crystal, having a large crystallization driving 
force. In a typical hot injection method, PbX2 salt and ligand solution (typically 
oleylamine and oleic acid) were mixed and dissolved at a certain temperature followed 
by a sudden injection of Cs-oleate triggering nanocrystal formation. The synthesis could 
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be done at a relatively low temperature but some anisotropic shape will be generated as a 
byproduct. However, the rapid growth rate in the typical hot injection synthesis will 
usually produce nanocubes with a size around 10 nm for CsPbBr3. While certain trials, 
such as low temperature hot injection, have been attempted to make quantum confined 
CsPbBr3 nanocrystals (QDs) smaller than 7 nm, the Bohr radius of CsPbBr3, large 
heterogeneous shape, size, and phase still remain as an obstacle in exploring the 
photophysical properties for utilizations in optoelectronic applications.  
        Although obtaining a monodisperse ensemble for various sizes of cesium based 
perovskite nanocrystals is not as readily achieved as conventional II-VI quantum dot like 
CdSe, the band edge absorption of perovskite nanocrystals can be tuned by halide 
composition.
119,120
 Unlike conventional QDs whose cation exchange reaction is very 
well understood, the mobility of anions in perovskite nanocrystals is higher hence anion 
exchange reaction can happen easily. Kovalenko et al.
119
 and Manna et al.
120
 both 
discovered fast anion exchange reaction that can tune the PL spectra of perovskite 
nanocrystals in the entire visible range. Our group also studied the photo induced anion 
exchange reaction which implies the high mobility of halide anions in this 
nanocrystals.
121
  
        Beyond the anion composition, cations can also be replaced or doped in the 
perovskite nanocrystal. FA or MA cations are able to mix with Cs cations to stabilize the 
solar cell’s stability.122,123 Additionally, controlled doping of perovskite nanocrystal was 
also reported by both our group
124
 and Klimov et al,
125
 where Mn
2+
 was doped 
successfully in CsPbCl3. Just like conventional doped QDs, Mn dopants exhibit bright 
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PL in the perovskite host. The energy transfer rate was also measured and found to be 
similar with conventional QDs.
126
 Although the cation does not move easily in the 
perovskite, cation exchange reaction can still happen under proper condition with a long 
reaction time.
127
  
 
2.5.2 Photophysical Properties of Perovskite Nanocrystals 
        Defect tolerance is a major benefit of perovskite nanocrystals giving rise to their 
bright luminescence. In conventional QDs like CdSe, surface traps or other traps will 
form mid-gap states that will quench the PL of QDs. However, in perovskite 
nanocrystals, the band gap is formed between antibonding orbitals. Therefore, the trap 
formed by dangling bonds or weak binding sites will stay in the valance band or 
conduction band. Computation studies show that the perovskite structure is not affected 
in terms of PL spectra by formation of antisite and interstitial defects.
109
  
        Owing to the superior properties of perovskite nanocrystals, the photophysical 
studies were carried out recently. The narrow linewidth of the PL peak (~90 meV) at 
room temperature for ~10 nm perovskite makes it a good LED material producing a 
wide color gamut.
118
 Unfortunately, limited by the synthetic approaches to obtain high 
quality monodispersed QDs in the strong quantum confined region like CdSe, the 
strongly confined exciton was not very well resolved and studied. Kuno et al. had 
reported Stokes shift increasing with deceasing size of CsPbBr3 QDs.
128
 With post 
separation technique, they were able to get ensembles with enough monodispersity to 
resolve small changes in Stokes shift. Bawendi et al. studied PL linewidth change of 
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CsPbBr3 QDs by measuring single particle PL spectrum.
129
 It was concluded that the PL 
peak linewidth increases with increasing confinement. Due to the reduced trapping 
effect, metal halide perovskite nanocrystals were proven to be good single photon 
emitters. Stoferle
130
 and Kovalenko
131
 et al. has revealed that CsPbX3 nanocrystals are 
capable of emitting single photons with very narrow spectral linewidth (~1 meV) and a 
short lifetime (~ 250 ps) at cryogenic temperature. Other groups have also reported 
reduced blinking of CsPbX3 nanocrystals.
132
  
        A remarkable property of CsPbX3 perovskite is its fast radiative lifetime at 
cryogenic temperature which is the opposite of traditional QDs whose radiative lifetime 
is usually 1000 times slower. Efros et al. did theoretical computations of excitons in 
CsPbX3 perovskite nanocrystals considering strong spin-orbit coupling and Rashba 
effect.
133
 It was found that the ground state of the exciton in CsPbX3 perovskite 
nanocrystals consists of bright triplet states. This is a big advantage since the bright state 
has high degeneracy, which means this material is inherently a better emitter.  
        Perovskite nanocrystals are still a new member in the semiconductor nanocrystal 
family. Although current literatures are publishing at an exploding speed, many 
controversial conclusions were made among this community. Part of the problem is 
coming from structural lability of this type of crystal. Many efforts were made to 
increase the stability of perovskite nanocrystals but few of them could be successfully 
established like synthetic methods for conventional QDs. Additionally, quantum 
confined CsPbX3 perovskite will be needed to deeply explore the properties of the 
confined exciton. Current ways usually generate samples with a mixture of different 
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sizes and shapes of perovskite nanocrystals. Therefore, a robust method to make 3D 
quantum confined perovskite QDs is urgently needed.               
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CHAPTER III  
SYNTHESIS OF MN-DOPED NANOCRYSTALS AND REDUCED GRAPHENE 
OXIDE (RGO)-QD COMPOSITE
*
 
3.1 Synthesis of Mn-doped CdS/ZnS Core-shell Quantum Dots 
3.1.1 Synthesis of CdS Core Quantum Dot 
        The monodispersed, undoped CdS core quantum dot was synthesized following 
existing hot injection method.
60,134
 Typically, sulfur precursor was prepared by 
dissolving sulfur powder in ODE (0.25 M) at 100 °C. Cadmium precursor was prepared 
by dissolving CdO (126 mg) into oleic acid (2.02 g) into ODE (12 mL) at 250 °C under 
nitrogen atmosphere. Before heating, all solutions were evacuated and purged with 
nitrogen at least three times. The nucleation of CdS was triggered by the injection of 2 
mL sulfur precursor. Right after injection, the reaction temperature was dropped to 240 
°C. During the QDs’ growth, aliquots were taken to measure the absorption spectra to 
monitor growth process. After about 4 min, the reaction was quenched with air flow and 
a water bath. Then ~15 mL of acetone was used to precipitate QDs from ODE. The 
mixture was centrifuged at 3500 rpm for 3 min to get the precipitant. About 2 mL of 
toluene was subsequently added to dissolve QDs. The solution was centrifuged at 3500 
rpm for 2 min to remove undissolved impurities. In order to get monodispersed QD, ~ 2 
                                                 
*
 Reprinted with permission from Dong, Yitong and Son, Dong Hee. Strongly Nonlinear 
Dependence of Energy Transfer Rate on sp
2
 Carbon Content in Reduced Graphene 
Oxide-Quantum Dot Hybrid Structure. J. Phys. Chem. Lett. 2015, 6, 44. Copyright 2015 
American Chemical Society. 
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mL methanol was used to select precipitate QDs from the solution. QDs were obtained 
by centrifuging the mixture with methanol at 3500 rpm for 2 min and dumping the 
supernatant. The selecting precipitation could be repeated if necessary.  
        Figure 9 shows the absorption and emission spectra of CdS core QDs as well as 
their TEM images. The size of CdS core QD is on average 3.5 nm in diameter. The 
absorption spectra show a sharp peak around 425 nm and the PL spectra shows a sharp 
peak at ~440 nm. These reflect the narrow distribution of obtained QDs. Another feature 
in PL spectra is the broad peak centered at ~ 610 nm that is from the trap emission.  
 
 
Figure 9. a) Absorption (blue) and photoluminescence (red) spectra of CdS core made 
of the method mentioned in 3.1.1. Both spectra were taken using a CCD modular 
spectrometer (USB2000, Ocean Optics) and sample was excited at 375 nm. b) TEM 
image of CdS QDs. The scale bar is 5 nm.   
 
3.1.2 Synthesis of Mn Doped CdS/ZnS QDs 
        The highly controlled doping process of CdS/ZnS core/shell quantum dots was well 
established.
59
 The typical layer-by-layer doping method was used in this work. By using 
this method, Mn
2+
 ions could be precisely doped on either surface of the core QDs or on 
 33 
 
any layer of ZnS shells with certain doping concentrations. In order to have known 
doping location, doping and coating processes were separated.  
        Mn
2+
 precursor was made differently depending on the targeted doping location. In 
this chapter, the doping location is on the second layer of ZnS shell. Other doping 
processes will be discussed later. For Mn
2+
 precursors used for shell doping, 
Mn(acetate)2·4H2O (49 mg) was mixed with 10 mL Oleylamine (OAm) and degassed in 
a Schleck line for at least 10 min. Then the mixture was heated to 120 °C for 10 min 
until all solids were dissolved. The mixture was then cooled to room temperature under 
vacuum. Nitrogen protection gas was only purged right before use of the precursor. For 
different batches of QDs, fresh Mn precursor was made every single time. This precursor 
is extremely oxygen sensitive. If exposed to air, the Mn precursor will change color from 
faint gold to dark brown in a short time.  
         Successive ion layer adsorption and reaction (SILAR) was used for coating CdS 
core QD with ZnS shell. Zn precursor was made by suspending 2.52 g Zinc stearate and 
0.8 g oleic acid into 16 mL ODE in a glove box. The Sulfur precursor was the same as 
that in 3.1.1. First, cleaned CdS QDs was dried and re-dissolved in 5 mL ODE with 2 
mL OAm. Then the mixture was heated to 220 °C after degassing in a Schleck line. 
Then the precursor solution of sulfur was added dropwise into the QD solution over 2.5 
min. The reaction was kept at 220 °C for 10 min before next Zinc precursor was added 
with time duration of 2 min. The reaction time was 10 min as well. This strategy was 
repeated multiple times until desired shell thickness was reached. In this work, the 
coating reaction was initially quenched after the second layer ZnS shell was grown by 
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air flow and water bath cooling. To wash the obtained QDs, acetone was added to 
precipitate QDs as described in section 3.1.1. When QDs was re-suspended into toluene, 
it will usually be turbid due to unreacted Zinc precursor. In this case, small amount of 
Octylamine was added dropwise until the solution became clear. Methanol selecting 
precipitation was applied to clean the core/shell QDs.  
        For Mn
2+
 doping on the ZnS shell, the CdS/ZnS QD solution was dried and re-
suspended into 5 mL ODE and 2 mL Oleic acid mixture. After degassing, the mixture 
was heated to 260 °C for Mn doping. Mn precursor was subsequently added dropwise 
into the hot mixture. The reaction was kept at 260 °C for 20 min for higher doping yield 
and followed by quenching with air flow. Same cleaning protocol described in 3.1.1 was 
used to clean the doped QD. It should be noted that centrifuging time should be 
adequately long for a good precipitation. Furthermore, excess methanol precipitation 
will cause loss of QDs as well as a less controlled overcoating and hence not 
recommended. The cleaned QD was further coated with four more layers of ZnS shell 
top protect dopants.  
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Figure 10. a) absorption (blue) and PL (red) spectra of Mn-doped CdS/ZnS core shell 
QD. b) TEM image of Mn-doped CdS/ZnS core shell QDs. Scale bar is 20 nm. 
 
        As shown in Figure 10, the absorption spectra of the Mn-doped CdS/ZnS core shell 
QD is very similar with undoped core CdS QD. The absorption peak position did not 
change much. This is because the dopants were only introduced at a low concentration 
and the concentration (typically < 5%) is not enough to induce significant change of the 
band structure. However, the absorption peak is less well defined compared with the 
core CdS absorption spectra. This is due to the potential Ostwald ripening happened 
during ZnS coating process. The exciton PL peak was located at ~610 nm and the peak 
linewidth is broad. This is due to the efficient energy transfer from exciton to Mn 
dopants and strong phonon coupling. The quantum yield of the Mn-doped CdS/ZnS is 
typically > 90 %. This is because the core and Mn dopants were protected by thick ZnS 
shell and its highly localized nature mentioned in Chapter I. The TEM image of the 
doped QD shows that the diameter is about 7 nm.  
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3.2 Synthesis of Reduced Graphene Oxide (RGO) 
        Graphene Oxide (GO) is a material well studied. There are many methods that 
could make single layered GO in a large quantity with a good lateral size distribution.
135
 
GO sheets can be easily suspended in water after a few minutes of gentle ultrasonication. 
Then the suspension was mixed with concentrated aqueous solution of L-ascorbic 
acid.
136
 To reduce GO, the mixture was heated to 80 °C for several hours until the 
initially brownish solution turned to completely black. To control extend of reducing, 
reaction could be stopped at different time by filtrating the mixture with micro filter to 
separate L-ascorbic acid from RGO. The filtered RGO solid was thoroughly rinsed with 
deionized water to remove the remaining salts. The cleaned RGO was re-suspended in 
water.  
3.3 RGO Modification with 4-aminothiopenol (4-ATP) 
        4-ATP was reported to be able to functionalizing RGO surface and could act as a 
linker to bind RGO with QDs. The RGO is reacting with diazonium salt that is made 
from 4-ATP: 
(NH2)PhSH
NaNO2+HCl
→        Ph(SH)N2
+ 
where Ph(SH)N2
+ will attack RGO surface to generate 4-ATP-decored RGO (RGO-SH), 
thiolate RGO.
137
 Briefly, RGO suspension in deionized water was mixed with diazonium 
salt solution with ice bath to keep the reaction temperature at 0-5 °C. After the reaction, 
the suspension was filtered to obtain RGO-SH. Then the filtered product was rinsed 
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more than 10 times with water and DMF to get pure RGO-SH. The final purified RGO-
SH sheets were dispersed in DMF for the hybridization of QDs. 
3.4 Synthesis of RGO-QDMn Hybrid Structure 
        The Mn-doped CdS/ZnS core shell structure (QDMn) synthesized in section 3.1 was 
suspended in toluene. The surface of QD is well known for its ligand exchange 
flexibility. For example, the original ligand OAm on the surface could be transferred into 
water solvable short thiol-related ligand simply by phase-transfer ligand exchange. The 
RGO-SH could be treated as ligand due to the thiol functional group. To link QDMn on 
the RGO-SH, QDMn solution was mixed with RGO-SH in DMF. The mixture was stirred 
to ensure through ligand exchange and RGO-QDMn was obtained by centrifuging the 
mixture. Then the obtained hybrid structure was rinsed by toluene and ethanol and 
centrifuged to get RGO-QDMn for more than 6 times to remove unbounded QDMn. The 
PL spectra of supernatant were monitored to check the amount of free QDMn.  
3.5 Determination of composition of RGO 
        XPS was used to determine the sp2 carbon composition in RGO made with 
different reducing extend. All XPS spectra were acquired with PHI Quantera XPS 
scanning microscope. All the samples were deposited on carefully cleaned silicon wafer 
for XPS measurements. Additionally, all samples were kept in vacuum chamber to avoid 
any contamination and every sample was measured at least four times.   
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        The XPS spectra were deconvoluted to three peaks contributed by different carbon 
bonds: 284.5 eV (C=C, sp
2
 carbon), 286.5 eV (C-O bonds, including C-OH, C-O-C), 
288.4 eV (C=O bonds). The relative intensity of 284.5 eV peak is stronger in RGO than 
in GO reflecting the higher sp
2
 carbon content. Since a small part of the sp
2
 carbon 
signal at 284.5eV comes from the phenolic ring of 4-ATP, its contribution to the total sp
2
 
carbon content was subtracted by measuring the S2p spectra of sample simultaneously. 
The S2p spectra were measured to determine the relative amount of sulfur atoms. Then 
the ratio of sulfur and carbon atoms (relative sulfur amount) was calculated. Considering 
that each 4-ATP molecule contains six sp
2
 hybridized carbon atoms, the sp
2
 carbon 
content obtained by fitting was subtracted by the number of 6 times of the sulfur amount: 
𝐹𝑖𝑛𝑎𝑙⁡𝑠𝑝2⁡𝑐𝑜𝑛𝑡𝑒𝑛𝑡 = 𝐴𝑟𝑜𝑚𝑎𝑡𝑖𝑐⁡𝑠𝑝2⁡𝐶𝑎𝑟𝑏𝑜𝑛(%) − 6 × 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒⁡𝑠𝑢𝑙𝑓𝑒𝑟⁡𝑎𝑚𝑜𝑢𝑡(%) 
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Figure 11. C1s XPS spectra of 4-ATP decorated RGO with different sp
2
 carbon content. 
Inserts are the S2p XPS spectrum corresponded.  
 
        Figure 11 shows XPS spectra used to calculate the sp2 carbon content in different 
RGO samples. The aromatic carbon is contributed by both the sp2 carbon networking in 
RGO and 4-ATP attached on it. The amount of 4-ATP attached was determined by 
sulfur amount as shown in the insets. To keep the sample from contaminations in air, all 
samples were vacuum dried and kept under vacuum before XPS measurements. 
3.6 Time Dependent Luminescence Intensity Measurement   
        The sample in a quartz cuvette was excited at 337 nm by a pulsed nitrogen laser 
(NL100, Stanford Research Systems, Inc.). Luminescence was detected by a PMT 
(R928, Hamamatsu Photonics K.K.) after selecting 610±5 nm portion of the spectrum 
with a bandpass filter. The signal from the PMT was amplified by an amplifier (C9663, 
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Hamamatsu Photonics K.K.) and recorded on a digital oscilloscope (WaveAce 234, 
Teledyne Lecroy). 
        The acquired time dependent luminescence intensity data was fitted by 
multiexponential function, I(t)=Σai exp(-t/τi), where ai and τi are the amplitude and time 
constant respectively. Two or three exponential functions were sufficient to fit the data. 
The averaged luminescence lifetime (τ=1/k) was calculated as (Σaiτi)/(Σaiτi
2
 ). 
3.7 Strongly Nonlinear Dependence of Energy Transfer Rate on sp
2
 Carbon Content in 
Reduced Graphene Oxide-Quantum Dot Hybrid Structures
138
 
3.7.1 Introduction 
        RGO-QD hybrid structure has been crated for its wide range of applications 
including photocatalysis,
139
 sensing,
140
 and phototransistor devices
141
. RGO is known as 
a good electron acceptor to extract the photo excited electrons from the exciton,
142
 which 
is important in the application of the solar energy conversion and photocatalysis. RGO is 
also known to be an acceptor of the energy from the photoexcited QD
143,144
 competing 
with the charge transfer process, due to the extensive sp
2
 carbon network that gives rise 
to the strong optical absorption in visible and near IR region. 
        Significant effort has been made studying the dynamics of the charge and energy 
transfer processes in RGO-QD hybrid structure and the related structures created on 
graphene and GO.
145-147
 Earlier studies observed efficient quenching of the exciton 
luminescence of QD by RGO, GO and graphene, which was attributed to the 
combination of the energy and charge transfer. However, separating the contributions of 
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the energy and charge transfer processes in the hybrid structure was often not 
straightforward, since the exciton luminescence of QD is sensitive to many different 
processes, not only the energy and charge transfer between QD and RGO but also charge 
carrier trapping processes not involving RGO. In addition, the variation of the sp
2
 carbon 
content in RGO produced from different reduction processes further complicated 
establishing the structure-property relationship in RGO-QD hybrid structures. Despite 
the fact that sp
2
 carbon atoms are responsible for the functionality of RGO as the energy 
and charge acceptor, the correlation between the content of sp
2
 carbon in RGO and the 
rate of the energy or charge transfer is poorly understood.   
        Here, we investigated how the variation of the sp
2
 carbon content in RGO affects its 
efficiency as the energy acceptor, without interference from the charge transfer process, 
using dopant luminescence of Mn-doped QD (QDMn) as the selective probe of the energy 
transfer process. The capability to examine the energy transfer process separately from 
the charge transfer process is important to understand their competitive dynamics 
correlated with the structure, e.g., degree of sp
2
 hybridization. QDMn's ability to probe 
only the energy transfer process, in contrast to the usual QD, comes from the sensitized 
and highly local nature of the Mn luminescence.
148
 The decay rate of Mn luminescence 
is highly insensitive to the charge transfer in the host QD or the variation of the 
surrounding environment due to the local nature of the ligand field transition. On the 
other hand, the presence of the energy acceptors nearby can change the decay rate via 
the energy transfer, enabling the probing of only the energy transfer process.   
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3.7.2 Determination of Energy Transfer Rate From Excited Mn Dopants to RGO 
        In order to ascertain strong binding of QDMn to RGO and minimize the distribution 
of the distance between RGO and QDMn for more reliable correlation of the energy 
transfer rate to sp
2
 carbon content, short rigid ligands covalently bonded to RGO were 
used as the linker between RGO and QDMn. For this purpose, 4-aminothiophenol (4-
ATP) was covalently bonded to the surface of RGO using the reported procedure.
137
 
RGO decorated with 4-ATP was subsequently mixed with Mn-doped CdS/ZnS 
core/shell QDs in the mixture of DMF and toluene. The thiol group of 4-ATP binds to 
the surface of QDMn to form the strongly bound RGO-QDMn hybrid structures. The 
content of sp
2
 carbon in RGO was varied by controlling the GO reduction time. The 
relative amount of sp
2
 carbon in RGO decorated with 4-ATP was determined to be in the 
range of 44-61% from the XPS measurements as will be discussed later.    
         
 
 
Figure 12. a) Illustration of RGO-QDMn hybrid structure. b) TEM image of RGO-QDMn 
hybrid structure with 61% sp
2
 carbon content. c) Enlarged image of the boxed area in 
(b).  Scale bars are 50 nm. 
 
 
        After purification, the resulting RGO-QDMn hybrid structure was dispersed in the 
mixture of hexane and toluene. In order to confirm the absence of the unbound QDMn in 
the purified RGO-QDMn hybrid structure, isolation of the free QDMn in the supernatant 
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was attempted by gentle centrifugation that selectively precipitates RGO-QDMn. The 
supernatant was colorless and did not show any luminescence indicative of the unbound 
QDMn. Figure 12a illustrates the chemical linkage between RGO and QDMn. Figure 12 
b,c show the TEM images of RGO-QDMn hybrid structure, where the dense population 
of QDMn  linked to RGO are observed. Figure 13a compares the absorption spectra of 
RGO and RGO decorated with 4-ATP. Figure 13a,b show the absorption (blue) and 
emission (red) spectra of QDMn and RGO-QDMn hybrid structure respectively. 
 
 
 
Figure 13. Comparison of the absorption (blue) and emission (red) spectra of a) QDMn 
and b) RGO-QDMn hybrid structure. 
 
        The content of sp
2
 carbon in RGO decorated with 4-ATP was determined from XPS 
spectra. The relative area of the peak assigned to aromatic sp
2
 carbon with respect to the 
total carbon peak area on RGO was extracted from the fitting of the spectra. Figure 14 
compares the XPS spectra of C1s in 4-ATP-decorated GO and RGO with 52 % sp
2
 
carbon content. The XPS spectra were deconvoluted to three peaks contributed by 
different carbon bonds: 284.5 eV(C=C, sp
2
 carbon), 286.5 eV (C-O bonds, including C-
OH, C-O-C)
 149
, 288.4 eV (C=O bonds). The relative intensity of 284.5 eV peak is 
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stronger in RGO than in GO reflecting the higher sp
2
 carbon content. Since a small part 
of the sp
2
 carbon signal at 284.5eV comes from the phenolic ring of 4-ATP, its 
contribution to the total sp
2
 carbon content was subtracted. This was achieved by 
quantifying the relative amount of sulfur in 4-ATP-decorated RGO from the XPS spectra 
of S2p as shown in insets of Figure 14. The two peaks at 163.5 eV and 168.0 eV are 
assigned to S-H and S-O bonds respectively. 
 
 
 
Figure 14. XPS spectra of C1s in 4-ATP-decorated GO a) and RGO b).  Insets show 
S2p spectra from the 4-ATP linker in each sample. 
 
        The unique capability of QDMn to selectively probe the energy transfer process, 
unlike in usual QD, relies on highly insensitive spectrum and decay rate of Mn 
luminescence to the charge transfer process and the surrounding chemical environment. 
We recently showed that the charge transfer and trapping in QDMn, variation of the 
surface ligand and even the aggregation of the QDMn have negligible influence on the 
decay rate of Mn luminescence. Any effect on the intensity of Mn luminescence is 
indirect though the exciton that sensitizes Mn luminescence.  
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Figure 15. Time-dependent luminescence intensity of Mn-doped QD (QDMn) with 
varying surface ligands and environmental conditions. (Red) QDMn passivated with 
oleylamine dispersed in toluene, (Green) Drop-casted thick film of QDMn on glass 
substrate, (Blue) Mixture of QDMn and 4-ATP dispersed in toluene. 
 
        The insensitivity of the luminescence decay rate in QDMn to various factors also 
makes it very robust with respect to the variation of QDMn concentration on RGO surface 
(Figure 15). Therefore, the energy transfer rate in RGO-QDMn hybrid structures can be 
cleanly extracted from the analysis of only the decay rates of Mn luminescence. 
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Figure 16. a) Normalized time-dependent Mn luminescence intensity from RGO-QDMn 
hybrid structures with varying sp
2
 carbon content in RGO. Fit results and parameters are 
in Supporting Information. b) Energy transfer rate as a function of sp
2
 carbon content. 
 
        In order to examine the dependence of the energy transfer rate on sp
2
 carbon 
content, time-dependent luminescence intensities of RGO-QDMn samples were 
measured at the wavelength of Mn luminescence. A 337 nm pulsed N2 laser was used for 
excitation and luminescence in 610 ± 5 nm range selected by a band-pass filter was 
detected by a PMT. Figure 4a shows the normalized time-dependent luminescence 
intensities of RGO-QDMn hybrid structures with varying sp
2
 carbon content. The result 
from the free QDMn is also shown for comparison. From the multiexponential (Σai 
exp(−t/τi )) fit of the data in Figure 16a, the average rate constants (k) for the decay of 
Mn luminescence were calculated from k = (Σaiτi )/ (Σaiτi
2
 ) for both free QDMn (kQD) 
and RGO-bound QDMn (kRGO-QD).26 The energy transfer rate (kET) in RGO-QDMn hybrid 
structure was calculated from the following equations, where kr and knr are the radiative 
and nonradiative decay rates of Mn luminescence respectively in free QDMn. Because 
kQD is insensitive to charge transfer and other environmental variation, kr + knr is 
identical for both QDMn and RGO-QDMn. Therefore, the energy transfer rate (kET) can be 
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obtained simply from the difference of the luminescence decay rates of QDMn and RGO-
QDMn. 
𝑘𝑄𝐷 = 𝑘𝑟 + 𝑘𝑛𝑟 
𝑘𝑅𝐺𝑂−𝑄𝐷 = 𝑘𝑟 + 𝑘𝑛𝑟 + 𝑘𝐸𝑇 
𝑘𝐸𝑇 = 𝑘𝑅𝐺𝑂−𝑄𝐷 − 𝑘𝑄𝐷 
 
 
 
Figure 17. Fitting curves of time dependent luminescence intensity data showed in 
Figure 16. 
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sample a1 a2 a3 
τ1 
(ms)  
τ2 
(ms)  
τ3 
(ms)  
average τ  
(ms) 
decay rate 
(ms
-1
) 
ET rate 
(ms
-1
) 
QD 0.17 0.27 0.52 0.06 1.48 0.56 1.07 0.93 
 44% 0.25 0.45 0.20 0.01 0.88 0.15 0.82 1.22 0.29 
49% 0.38 0.15 0.39 0.05 0.85 0.28 0.55 1.82 0.89 
52% 0.42 0.22 0.37 0.02 0.60 0.10 0.47 2.15 1.22 
56% 0.42 0.22 0.31 0.01 0.20 0.04 0.16 6.36 5.43 
58% 0.40 0.08 0.49 0.01 0.19 0.02 0.12 8.57 7.64 
61% 0.66 0.07 0.34 0.002 0.09 0.01 0.05 19.74 18.81 
 
Table 1. Fitting parameters of the data showed in Figure 17. 
 
        All fitting curves for the time dependent luminescence intensity data was shown in 
Figure 17 and the corresponding fitting parameters are listed in Table 1. Figure 16b 
shows kET in RGO-QDMn hybrid structures as a function of the sp
2
 carbon content in 
RGO. An interesting feature in this plot is the highly nonlinear dependence of kET on sp
2
 
carbon content. kET increases slowly below ∼52% sp
2
 carbon content and increases much 
more rapidly at the higher sp
2
 carbon contents. kET increases by more than an order of 
magnitude with only ∼10% additional increase of the sp2 carbon content. If the total 
amount of the sp
2
 carbon is the only major factor influencing the RGO’s capability to 
accept energy, kET should exhibit a more gradual increase. However, the energetics of 
the accepting transitions and their strengths, ultimately determining the efficiency of the 
energy transfer, can also vary with the extent of reduction as the size and spatial 
arrangement of the sp
2
 carbon domains change. In such case, the energy transfer rate will 
be a more complex function of the amount of sp
2
 carbons. 
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        A useful insight into the observed sudden increase of kET within relatively narrow 
range of sp
2
 carbon contents may be obtained from the recently proposed structural 
evolution of the sp
2
 carbon domains in RGO during the reduction of GO as illustrated in 
Figure 18. According to a recent study by Eda et al.,
150
 GO has many small (∼3 nm) sp2 
carbon domains distributed in the background of sp
3
 carbons (Figure 18a). In the early 
phase of the chemical reduction of GO, new sp
2
 carbons begin to form (Figure 18b). 
With further reduction of GO, the separate sp
2
 carbon domains begin to connect with 
each other resulting in a sudden increase of the effective sp
2
 conjugation length (Figure 
18c). The formation of the connected domains with longer effective sp
2
 conjugation 
length as well as the continuing growth of the existing sp
2
 domains will increase the 
electronic density of the state for the accepting transitions in the visible spectral range, 
enhancing the capacity as the energy acceptor. The abrupt increase of kET observed in 
RGO-QDMn may reflect such structural evolution of the sp
2
 carbon domains not reflected 
in total extent of reduction, whereas a direct visualization of the structural changes has 
not been achieved yet. Nevertheless, the above observation bears an importance 
implication in understanding the energy transfer process in hybrid structures of RGO 
because it suggests the potentially crucial role of the spatial arrangement of sp
2
 carbon 
network in addition to the overall extent of reduction. Because the variations of the RGO 
structure with varying extent of reduction should affect the factors determining the 
energy and charge transfer processes differently, the competitive dynamics of the two 
processes is also expected to vary with the extent of reduction. Information on the 
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energy transfer rate correlated with the extent of reduction obtained in this work will be 
particularly valuable in future studies addressing this issue. 
 
 
 
Figure 18. Illustration of the proposed evolution of sp
2
 carbon domains in RGO during 
the reduction process. 
3.8 Conclusion 
    In conclusion, we investigated the dependence of the energy transfer rate in RGO-
QDMn hybrid structure on sp
2
 carbon content of RGO. By using QDMn as the probe 
sensitive only to the energy transfer, structural correlation of the energy transfer rate in 
RGO-QDMn hybrid structures was studied without the interference from the competing 
charge transfer process. The rate of energy transfer showed a strongly superlinear 
increase with increasing sp
2
 carbon content in RGO, which may reflect the formation of 
the connected sp
2
 carbon domains with increasing extent of reduction.  
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CHAPTER IV  
HOT ELECTRON ENHANCED PHOTOCATALYSIS
*
 
4.1 Introduction  
   Hot electrons in nanocrystals of semiconductors, metals and their heterostructures 
received much attention due to their enhanced capability to undergo the interfacial 
charge transfer and induce the energetically expensive chemical reactions.
4,5,9,10,12-14,96
 
The excess energy of hot electrons lowers the energy barrier for the electron transfer 
facilitating the separation of charge carriers at the interface and interfacial electron 
transfer often faster than the relaxation of the electrons.
4,5,151
 In simple semiconductor 
quantum dots, hot electrons can be produced via the excitation with the photons having 
higher energy than the bandgap. However, production of hot electrons with large excess 
energy using higher-energy photons is less desirable in the applications especially when 
using the solar radiation as the light source, since it has a limited spectral coverage in the 
ultraviolet region. For this reason, much effort has been made to produce and utilize hot 
electrons efficiently without using high-energy photons. One strategy is using 
heterostructures with an appropriate combination of the conduction band offset and 
bandgap, where the electrons created in one side of the heterostructure by the bandgap 
excitation can be injected to the other side with excess kinetic energy.
152
 Another 
                                                 
*
 Reprinted with permission from Dong, Yitong.; Choi, Julius;, Jeong, Hae-Kwon;, and 
Son, Dong Hee. Hot Electrons Generated from Doped Quantum Dots via Upconversion 
of Excitons to Hot Charge Carriers for Enhanced Photocatalysis. J. Am. Chem. Soc. 
2015, 137, 5549. Copyright 2015 American Chemical Society. 
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strategy producing hot electrons is based on plasmon of the metal nanocrystals, where 
the nonradiative decay of plasmon can produce hot electrons above the Fermi level.
1-
3,17,98,153-155
 These hot electrons were utilized in various applications such as 
photocatalytic water splitting,
15,22,156-161
 dissociation of H2 molecules
13,14
 and 
photovoltaic devices.
1,11,20,21,98 
 
    In this study, we showed that hot electrons can be generated in Mn-doped quantum 
dots via efficient 'upconversion' of the energy of two excitons into a hot charge carriers 
with excess energy stored in the electron, showing the enhanced photocatalytic activity 
in H2 production reaction. Such upconversion can be possible due to the very long 
lifetime (Mn~6 ms) of Mn excited state sensitized via rapid exciton-Mn energy transfer, 
which can serve as a long-lived intermediate state for the sequential two-step process 
leading to the generation of hot electrons. The photophysical pathways in Mn-doped 
quantum dots that can potentially produce hot electrons have been recently proposed by 
us
86 
and Gamelin's group,
31
 both involving Mn excited state as the intermediate state for 
the sequential two-step photoexcitation process. The proposed two-step process 
producing hot electrons is reminiscent of the photon upconversion in lanthanide-doped 
upconversion nanoparticles.
 162,163 
However, unlike in photon upconversion producing 
higher-energy photons, the energy of the absorbed photons in Mn-doped quantum dots is 
converted to hot charge carriers, whose excess energy can be utilized for variety of 
chemical reactions as recently demonstrated with the plasmon-induced hot 
electrons.
3,153,154  
Here, we analyzed the photocatalytic H2 production rates vs excitation 
intensity for both doped and undoped quantum dots to gain an insight into the 
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mechanisms of the hot electron generation. H2 production rate from doped quantum dots 
was not only higher than that from undoped quantum dots but also increased 
quadratically to the excitation intensity, in contrast to the linear increase for undoped 
quantum dots. These observations indicate that hot electrons produced in doped quantum 
dots can be effectively harvested to enhance the photocatalytic reaction. 
        Another interesting aspect of Mn-doped quantum dots as a new source of hot 
electrons is the long lifetime of the intermediate state (Mn=10
-3
-10
-2
 s). In principle, only 
a few hundred excitations per second in each particle are required to induce the 
sequential two-step process generating hot electrons. Such excitation rate can be 
achieved with the irradiance of moderately concentrated solar radiation in common 
colloidal quantum dots with the absorption cross section () of >10-15 cm2 in visible 
spectral range. In fact, Mn-doped quantum dots exhibited the enhanced photocatalytic 
activity resulting from hot electrons under the excitation intensities comparable to 
several times of the solar radiation. This demonstrates the doped quantum dots' potential 
as an efficient source of the hot electrons harvesting the solar radiation, when combined 
with other strategies to increase the excitation rate, such as the plasmon-enhancement of 
the excitation rate.  
4.2 Experimental Section 
4.2.1 Synthesis of CdSSe Core QDs and Mn-doped CdSSe/ZnS Core Shell QDs 
        Undoped and Mn-doped CdSSe/ZnS core/shell quantum dots sharing the same host 
structures were synthesized following the well-established procedures described in 
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section 3.1 and some other literatures. CdSSe core was synthesized by injecting 1-
octadecene (ODE) solution of sulfur-selenium mixture (S:Se=10:1, 2 ml) to the mixture 
of cadmium oxide (0.126 g), oleic acid (OA, 2.02 g) and ODE (12.0 mL) heated at 270 
°C under nitrogen atmosphere. After 4 mins of growth at 250 °C, the reaction was 
quenched to obtain the desired particle size (3.5 nm in diameter) and bandgap (500 nm 
for the band edge exciton absorption). The purified core was used for the subsequent 
synthesis of the core/shell quantum dots. For the synthesis of Mn-doped and undoped 
CdSSe/ZnS core/shell quantum dots, a well-established SILAR method was used to coat 
ZnS shell as described in detail in section 3.1. Briefly, ODE solution of sulfur and ODE 
solution of zinc stearate were used as the precursor of sulfur and zinc, which were coated 
alternately on the surface of the core nanocrystals. The average thickness of ZnS shell is 
2.3 nm. In the case of Mn-doped CdSSe/ZnS quantum dots, Mn ions were introduced 
after coating two layers of ZnS shell. Oleylamine (OAm) solution of manganese acetate 
was used as the precursor of Mn ion. After the incorporation of Mn ions, additional ZnS 
layers were coated after removing all the excess unreacted Mn ions to complete the 
coating of ZnS shell to the final thickness of 2.3 nm. 
 
4.2.2 Determination of The Absorption Cross Section and Doping Concentration 
        Inductively Coupled Plasma-Mass spectroscopy (ICP-MS) elemental analysis and 
TEM was used to determine the absorption cross section and doping concentration of the 
doped QDs. For elemental analysis employing ICP-MS, all samples were prepared by 
taking 1 mL of hexane solution of quantum dots with measured absorbance (~ 0.1) at 
 55 
 
band edge absorption peak wavelength. The solution was dried under nitrogen flow and 
digested in trace metal grade concentrated nitric acid (BDH) under sonication for more 
than 10 min. The acid solution was centrifuged for a few minutes to separate any 
possible organic remained in the solution. The obtained solution was diluted with 1% 
nitric acid in Millipore water for the determination of ion concentrations. For Mn 
dopants, the crude nitric acid solution was diluted ~20 times with Millipore water since 
the Mn
2+
 ion concentration is very low. In order to have sufficient signal to noise ratio, 
these 20x diluted solution will be only used for determination of Mn
2+
 concentration. For 
other cations, the 20x diluted solution was further diluted with Millipore water by ~15 
times to obtain total ~300x diluted solution.  
        The standard solutions of cadmium, manganese, selenium and zinc were made by 
diluting the 1 ppm standard solution (Aldrich) to establish the calibration curves with 
various concentration (1, 4, 20, 50, 100, 200, 400 ppb), for the determination of the ion 
concentration. For each step, the amount of the solution taken was weighted with 4 
decimal digits of precision to calculate the dilution factor. After this, the ion molar 
concentration of cadmium and manganese of the initial hexane solution ([Cd
2+
] and 
[Mn
2+
]) could be calculated. 
        The molar extinction coefficient (ε) was calculated using Beer’s law, 
𝜀 = 𝐴/(𝑏 × [𝑁𝐶]) 
where A is the absorbance of the sample, b is 1 cm. [NC] is the molar concentration of 
the nanocrystals, calculated from [Cd
2+
]/〈𝑛𝐶𝑑〉, where 〈𝑛𝐶𝑑〉 is the average number of 
cadmium ions per quantum dot. 〈𝑛𝐶𝑑〉 was determined to be 420 based on the size of 
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CdSSe quantum dots obtained from TEM images. [NC] was obtained using the ion 
molar concentration of cadmium [Cd
2+
]. 
[𝑁𝐶] = [𝐶𝑑2+]/420 
        The absorption cross section (σ) was calculated from the molar extinction 
coefficient using 𝜎 = 3.82 × 10−21𝜀 .  The doping concentration 〈𝑛𝑀𝑛〉⁡was obtained 
from 〈𝑛𝑀𝑛〉 =
[𝑀𝑛2+]
[𝑁𝐶]
. 
 
4.2.3 Experimental Setup for The Measurement of H2 Production Rate 
        The reactor contained 60 ml of the aqueous solution of the quantum dots and 0.05 
M Na2SO3/0.05 M Na2S added as the sacrificial hole scavenger. pH of the solution was 
kept at 12. A 300 W Xenon lamp (Perkin Elmer PE300BF), providing light in the 
spectral range of 375-730nm, was used as the excitation source. Before the reaction, the 
solution in the reactor was purged with Ar gas for 30 min to remove the oxygen. The 
intensity of the Xe light source at the sample reactor was controlled by varying the 
distance between the light source with a finite beam divergence and the reactor using the 
translation stage for the accurate and reproducible control of the light intensity. 
Pyroelectric power meter (Ophir, Nova) was used to measure the spatial distribution of 
the light intensity at the reactor location. From the measured total light intensity (W/cm
2
) 
and the relative spectral irradiance measured with a spectrally-calibrated spectrometer, 
photon irradiance (# of photons/scm2nm) required for calculating the excitation rate 
was obtained as described in detail in Supporting Information. The amount of H2 gas 
produced from the reaction was quantified by using gas chromatography (Agilent 3000A 
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microGC, Molecular sieve 5A, TCD detector, Ar carrier gas). The concentration of the 
H2 gas was measured at 5 different times during the reaction and the linear slope was 
taken as the H2 production rate. The measurements were repeated multiple times using 
the fresh quantum dot samples from the same batch to obtain the statistical error bar.    
        Figure 19a shows the schematic diagram of the experimental setup used for the 
measurement of the H2 production rate. The reactor made of Pyrex glass was cooled with 
circulating water at 10 °C. The Xe light source was mounted on a translation stage to 
control the excitation light intensity reproducibly by varying the distance between the 
light source and reactor. The intensity of the excitation light at the reactor location was 
measured with a pyroelectric power meter. The reactor was purged by Ar gas for 30 min 
before the measurement of the H2 production rate. Gas chromatography was used to 
measure the concentration of the produced H2 gas using Ar as the carrier gas. For the 
determination of the H2 production rate, the linear slope of the H2 concentration vs time 
was taken as shown in Figure 19b. 
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Figure 19. a) Diagram of the experimental setup for the H2 production rate measurement 
and b) Linear increase of the concentration of H2 vs reaction time. The data shown is 
from the undoped quantum dots under 0.102 W/cm
2
 excitation intensity. 
 
 
4.2.4 Lifetime Measurement of Mn Excited State of Mn-doped Quantum Dots 
 
 
 
Figure 20. a) Absorption (blue) and luminescence (green) spectra of Mn-doped 
CdSSe/ZnS core/shell quantum dots. b) Time-dependent Mn luminescence intensity 
(610 nm) of Mn-doped CdSSe/ZnS core/shell quantum dots. 
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        Time dependent luminescence intensity (I) was fit to a multiexponential function 
and the average lifetime ( 𝜏𝑎𝑣𝑔)  was obtained from the fitted amplitude and time 
constants.  
𝐼 = 𝑎1 × 𝑒
−𝑡/𝜏1 + 𝑎2 × 𝑒
−𝑡/𝜏2 + 𝑎3 × 𝑒
−𝑡/𝜏3 
𝜏𝑎𝑣𝑔 =
𝑎1 × 𝜏1
2 + 𝑎2 × 𝜏2
2 + 𝑎3 × 𝜏3
2
𝑎1 × 𝜏1 + 𝑎2 × 𝜏2 + 𝑎3 × 𝜏3
 
        The averaged lifetime (τavg) of Mn-doped CdSSe/ZnS core/shell quantum dots used 
in this study is 5.8 ms.  
 
a1 a2 a3 τ1 (ms) τ2 (ms) τ3 (ms) 
0.17 0.50 0.33 0.19 1.23 7.1 
 
Table 2. Fitting parameters of the fitting in Figure 20. 
  
4.3 Results and discussion 
        We used CdSSe/ZnS core/shell QDs for this study because the alloy core whose 
absorption peak is more redshifted than CdS could take more advantage of solar 
radiation. All synthesis procedures are very similar to the synthesis method introduced in 
3.1 but slightly modified. The details will be introduced later in this chapter as 
experimental section. Figure 21 shows TEM images and absorption spectra of undoped 
and doped CdSSe alloy core based QDs.  
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Figure 21. a)-c) TEM image of CdSSe core a), undoped CdSSe/ZnS core/shell b), and 
Mn-doped CdSSe/ZnS core/shell quantum dot c). Scale bars are 20 nm. d) Comparison 
of the absorption cross sections () of the quantum dots. 
 
        TEM images of the final purified CdSSe core, undoped CdSSe/ZnS and Mn-doped 
CdSSe/ZnS quantum dots are shown in Figure 21a-c. Elemental analysis employing 
ICP-MS was performed to determine the absorption cross section of each quantum dot 
sample shown in Figure 21d and the doping concentration (8 Mn ions/particle) in 
conjunction with the size information obtained from the TEM images. The absorption 
spectra of the quantum dot solutions were obtained using a fiberoptic-coupled CCD 
spectrometer (USB4000, Ocean Optics). The lifetime of the Mn exited state, serving as 
the intermediate state in the upconversion process, was measured using a pulsed N2 laser 
(NL100 SRS, 337 nm, 3.5 ns pulse width) as the excitation source and a PMT (R928, 
Hamamatsu) as the detector after selecting 610±5 nm portion of the spectrum with a 
bandpass filter.  
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        Figure 22 shows the optical absorption spectra of undoped and Mn-doped 
CdSSe/ZnS core/shell quantum dots used to investigate the hot electron generation in 
doped quantum dots from the comparison of the H2 production rate vs excitation 
intensity. Since both doped and undoped quantum dots share the same host structure and 
the dopant has little absorption, their absorption spectra are very similar. Core/shell 
structure of the host serves two purposes in this study. Firstly, CdSSe with the lower 
band gap is the superior light absorber, while ZnS provides the more favorable local 
environment that can maximize the Mn excited state lifetime. By using the core/shell 
structure with dopant ions confined in the shell region, the structural variables 
influencing the absorption of exciton and excited state dynamics of Mn can be 
independently controlled. Secondly, the conduction band offset between the core and 
shell allows a facile distinction between hot electrons and the lower-energy electrons 
from one-photon-excited exciton. The conduction band offset at the core/shell interface 
(~0.5 eV) creates an energy barrier for the electrons from the exciton, while hot electrons 
have sufficient excess energy to overcome the barrier as illustrated in Figure 22b. 
Therefore, hot electrons are preferentially represented in the photocatalytic reaction 
products, i.e., H2 produced from the reduction of proton, detected from doped quantum 
dots.   
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Figure 22. a) Absorption spectra of undoped (green) and Mn-doped (red) CdSSe/ZnS 
quantum dot sample solutions used for H2 production in 1cm-thick cuvette. Broken line 
is the irradiance of the Xe light source. b) (top) Schematic representation of the doped 
quantum dot structure, and (bottom) comparison of the spatial extent of hot electron and 
band edge electron in conduction band. 
 
        Superimposed on the absorption spectra in Figure 22 is the spectral irradiance of the 
Xe light source used for the photoexcitation, which covers the spectral range of 375-730 
nm mimicking UV-visible component of the solar radiation. The solutions of both 
quantum dot samples were prepared such that they have the same total photon absorption 
rate (Rph) determined by the absorbance, A(), of the sample and the spectral photon 
irradiance, Iph(), of the light source by evaluating Rph   (1-10
 -A()
)Iph() d. Since 
both doped and undoped quantum dots were synthesized using the same CdSSe core, 
their absorption cross sections are very close in the spectral region that absorbs the 
photons from the Xe light source. This ensures that the ratio of the experimentally 
measured H2 production rates from the two quantum dot samples directly reflects the 
ratio of the efficiency of the photocatalytic reaction. 
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Figure 23. a) H2 production rate for doped (RH2,d, red) and undoped (RH2,ud, green)  
CdSSe/ZnS quantum dots vs excitation light intensity. Inset shows the magnified view of 
RH2,ud. The error bar is smaller than the size of the marker if not indicated. b) The ratio of 
two H2 evolution rates (RH2,d/RH2,ud) vs excitation light intensity. Solid curves are guides 
to eyes. 
 
        Figure 23 compares the H2 production rates from the aqueous solutions of doped 
(RH2,d) and undoped (RH2,ud) CdSSe/ZnS quantum dots in the presence of sacrificial hole 
scavenger (0.05 M Na2S and 0.05 M Na2SO3) at pH of 12 as a function of the average 
excitation intensity at the sample. The ratio of the two H2 production rates from doped 
and undoped quantum dots (RH2,d/RH2,ud) is shown in Figure 23. A clearly visible trend is 
that RH2,d of doped quantum dots is significantly larger than RH2,ud of undoped quantum 
dots. In undoped quantum dots, the electrons from excitons are responsible for the 
production of H2. In doped quantum dots, the population of exciton is diminished due to 
the energy transfer to Mn, contributing less to the production of H2 than in undoped 
quantum dots. Therefore, the majority of H2 produced by doped quantum dots should be 
accounted for by more reactive species than the electrons from exciton, i.e., hot electrons, 
as will be discussed further below. 
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        A more interesting difference between RH2,d and RH2,ud is their dependence on the 
light intensity. RH2,ud exhibits initially a linear increase at the intensities below 0.2 
W/cm
2
 and a sublinear increase at the higher intensities as shown in the inset of Figure 
23. On the other hand, RH2,d exhibits a superlinear increase initially, while the slope 
becomes less steep at the higher intensities. The different intensity dependence of RH2,d 
and RH2,ud is more distinct in their ratio shown in Figure 23b. The values of RH2,d/RH2,ud 
increases linearly from 3-14 in the intensity range of 0.01-0.33 W/cm
2
. Since the 
production of H2 by undoped quantum dots results from the one-photon-excited exciton, 
the linear increase of RH2,d/RH2,ud with light intensity indicates the RH2,d increases 
quadratically to the light intensity via two-photon process in doped quantum dots. At 
these excitation intensities, creating hot electrons via direct two-photon excitation of hot 
exciton is highly unlikely. Therefore, the signature of the two-photon process observed 
here can be explained only by the proposed sequential two-photon process involving Mn 
excited state as the long-lived intermediate state. Furthermore, the values of RH2,d/RH2,ud 
significantly larger than 1 indicates that hot electrons exhibiting much stronger reactivity 
than the electrons from exciton can be efficiently harvested competing with the 
relaxation of hot electrons to the band edge. 
    In order to confirm the feasibility of producing hot electrons via the sequential two-
photon absorption through the excited Mn state as the intermediate state under our 
excitation condition, the rate of excitation was estimated within the excitation intensity 
range of this study. Based on the experimentally measured absorption cross section of 
Mn-doped quantum dots, the average rate of excitation in each doped quantum dot was 
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determined to be 6-262/s in the excitation intensity range of this study (0.01-0.425 
W/cm
2
). This corresponds to the average excitation rate of 0.03-1.52/Mn in each 
quantum dot for the Mn excited state lifetime of Mn=5.8 ms. The Poisson probabilities 
(Pn  2) of two or more excitations during Mn, required to produce hot electrons are 
shown in Figure 24. It is noteworthy that P2 and P3 carrying the appreciable probabilities 
exhibit a superlinear increase at the lower light intensities while it becomes more linear 
at the higher intensities similarly to RH2,d shown in Figure 23a. This observation strongly 
supports that the quadratic increase of RH2,d with the light intensity results from the 
process involving the sequential two-photon absorption during the lifetime of the 
intermediate state. It is also worth to mention that the intensity of light used to produce 
hot electrons in doped quantum dots in this study is comparable to the moderately 
concentrated solar radiation and significantly lower than those used in several recent 
studies of the plasmon-induced hot electron generation.
164
 
 
Xe light source used in this 
study delivers approximately twice the irradiance of AM1.5 in the same spectral range at 
the intensity of 0.1 W/cm
2
. This suggests the possibility of generating hot electrons from 
natural solar radiation with an additional improvement of the excitation rate via e.g., 
plasmon-enhanced excitation. The quantum yield of H2 production is ~0.3 % and 
~0.03% for doped and undoped quantum dots respectively at 0.2 W/cm
2
, whose 
relatively low absolute values are due to the high pH of the solution used in this study.   
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Figure 24. Poisson probability of 2-4 excitations during Mn in doped quantum dots as a 
function of the average excitations rate and light intensity. 
 
        We also compared the H2 production rates from doped CdSSe/ZnS quantum dots 
(RH2,d) and undoped CdSSe core quantum dots (RH2,core) without ZnS shell as shown in 
Figure 25a. The concentrations of the quantum dot solutions were adjusted such that 
both absorb the same number of photons. Undoped core quantum dots exhibit the higher 
H2 production rate than undoped core/shell quantum dots due to the absence of the shell 
that functions as the energy barrier for the electrons. However, doped quantum dots are 
still superior in its photocatalytic activity than undoped core quantum dots. The ratio of 
the two H2 production rates (RH2,d/RH2,core) exhibits an increase with the light intensity at 
lower intensity ranges similarly to Figure 23b. These results strongly indicate that hot 
electrons exhibiting the enhanced reducing capability are produced in doped quantum 
dots via the process involving consecutive two-photon absorption as previously 
proposed. 
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Figure 25. a) H2 production rate for doped CdSSe/ZnS quantum dots (RH2,d, red) and 
undoped  CdSSe core quantum dots (RH2,core, green)  vs excitation intensity. Inset shows 
the magnified view of RH2,core. The error bar is smaller than the size of the marker if not 
indicated. b) The ratio of H2 evolution rates (RH2,d/RH2,core) vs excitation intensity. Solid 
curves are guides to eyes. 
 
        In order to gain a further mechanistic insight into the hot electron generation, we 
consider a simple model describing the major kinetic pathways in photoexcited Mn-
doped quantum dots shown in Figure 26. We will also examine the structural correlation 
of the relative efficiency of the paths leading to the generation of hot electrons based on 
this model, which bears a practical important in future studies utilizing doped quantum 
dots as an efficient source of hot electrons. Figure 26 shows four competing kinetic paths 
in Mn-doped quantum dots when the second photon excites an exciton in the presence of 
one Mn excited state created by the first photon via exciton-Mn energy transfer. |0, |ex 
and |ex* represent the ground state, exciton and hot exciton carrying the excess energy 
in electron respectively. |Mn, |Mn* and |Mn** represent the ground, excited and 
higher excited state of Mn respectively. In this scheme, the relaxation of |ex* and |M** 
and the transfer of hot electron to the electron acceptors are not included, since we focus 
on examining the branching ratio of the paths leading to the generation of hot electrons 
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competing with other processes, rather than performing a full quantitative kinetic 
modeling. 
 
 
 
Figure 26. Kinetic scheme showing four major pathways in Mn-doped quantum dots 
after the sequential excitation of two excitons. Doping concentration is m dopant 
ions/particle. |0, |ex and |ex* represent the ground, exciton and hot electron state of the 
host quantum dot respectively. |Mn, |Mn* and |Mn** represent the ground, excited 
and the higher excited state of doped Mn ions respectively.   
 
     Path 1 represents the relaxation of exciton including the trapping of exciton, 
leaving one |Mn*. Path 2 represents the energy transfer from exciton to Mn that results 
in two |Mn*. Both of these two paths do not create hot electrons. On the other hand, 
path 3 and 4 were previously proposed to be responsible for the generation of hot 
electrons.
86,32
 In path 3, hot electrons are produced by the Auger type cross relaxation, 
where ~2 eV of energy from |Mn* is transferred to the electron in conduction band. The 
net result of path 3 is converting two excitons into one hot exciton with the electron 
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carrying ~ 2 eV of excess energy in conduction band. In path 4, on the other hand, the 
energy of exciton is transferred to the existing |Mn* creating |M**. Our earlier study 
proposed that creating |M** is equivalent to producing a hot electron in conduction 
band of the host and a localized hole at Mn site.
31
 This possibility was questioned in ref. 
32 based on the earlier photoelectron spectroscopy data suggesting that the excited d 
electron in |M** may lie below the valence band edge, while there still remains some 
uncertainty in the energetic location of the excited d electrons in |M**. However, path 4 
may still generate hot electrons via the energy transfer from |M** to create |ex* 
regardless of the energetic location of the excited electron in |M**. Such process is 
plausible since the time for relaxation from |M** to |Mn* is considered to be generally 
slow due to the very weak optical transition dipole between Mn ligand field states, 
possibly orders of magnitude slower than the time scale of the exciton-Mn energy 
transfer. In Mn-doped CdS/ZnS quantum dots having the similar size and structure as 
Mn-doped CdSSe/ZnS quantum dots used in this study, the energy transfer between 
exciton and one Mn ion was measured to be ~200 ps,
29
 whereas the time scale of several 
hundred s was reported for the relaxation between the low-lying excited states of Mn 
ions doped in ZnS.
165
 Assuming that the dynamics of the energy transfer involving 
|M** and |ex* are similar to their lower-energy counterparts, path 4 can also generate 
hot electrons. 
The branching ratio of each path in Figure 26 can be expressed as follows. While some 
rate constants are only approximate, we evaluated the branching ratio of each path for 
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the case of m=8, the average doping concentration of the doped quantum dots used in 
this study. 
Path 1:  kex,relax/[kex,relax + (m-1) kET + kex* + kET2] = 18.2% 
Path 2:  (m-1) kET /[kex,relax + (m-1) kET + kex* + kET2] = 63.6% 
Path 3:  kex* /[kex,relax + (m-1) kET + kex* + kET2] = 9.1% 
Path 4:  kET2 /[kex,relax + (m-1) kET + kex* + kET2] = 9.1% 
The relaxation rate of exciton (kex,relax = 10
10
 s
-1
) reflecting both the radiative and 
nonradiative decay, and the energy transfer rate (kET = 5×10
9
 s
-1
) between a single pair of 
exciton and Mn ion were taken from our recent pump-probe study on Mn-doped 
CdS/ZnS quantum dots having a similar structure as the doped quantum dots used in this 
study. Since the overall rate of the exciton-Mn energy transfer is proportional to the 
number of Mn ions in its ground state, preparation of |Mn* from the first photon 
absorption can be very efficient for the doped quantum dots with multiple number of 
dopant ions. The Auger cross relaxation rate (kex*) is uncertain, while it is expected to be 
of the similar order of magnitude to kET or larger.
30
 kET2, the rate of energy transfer from 
|ex to |Mn*, is assumed to be similar to kET, although it can also be larger than kET due 
to the stronger transition dipole for the excited state absorption than the ground state 
absorption of the doped Mn ions. Under the assumption that kex*  kET = kET2, the 
combined branching ratio of path 3 and 4 that can generate hot electrons is ~20 %. While 
this calculation is only approximate, it demonstrates that the probability of generating 
hot electrons via two sequential excitations is significant. In the case of three or more 
excitations during Mn, a more complex kinetic scheme should be considered. However, 
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the net effect is creating more |Mn*, which will increase the probability of creating hot 
electrons even more.  
        Since the rates of various dynamic processes that determine the efficiency of hot 
electron generation can be tuned by varying the structure of the doped quantum dots, we 
will briefly discuss the expected effect of several structural variations. This will be 
important for future efforts to optimize the structure of the doped quantum dots to 
maximize the hot electron generation efficiency. Based on the above kinetic model, the 
branching ratios of path 3 and 4 become larger with smaller m, i.e., lower doping 
concentration. This suggests that if the energy transfer from the first photon absorption 
creating |Mn* is sufficiently fast compared to kex,relax, hot electron generation will be 
more efficient at lower doping concentrations. In reality, because the doping 
concentration affects the dynamics of both the first and second steps of the two-step 
process shown in Figure 26, in the opposite directions for path 3 and 4, there should be 
an optimum doping concentration that maximizes the probability of hot electron 
generation. Another important parameter is the excitation rate per particle at a given 
excitation light intensity. A straightforward way to increase the excitation rate is 
increasing the absorption cross section by increasing the volume of the quantum dot or 
adding other sensitizers. Plasmon-enhancement of the excitation rate will also be useful, 
since the generation of hot electron can be achieved with a weaker light source, 
analogous to the plasmon-enhanced luminescence demonstrated in various molecular 
luminophore and quantum dots. Furthermore, the recently observed resistance of |Mn* 
to the nonradiative quenching by the plasmonic metal nanocrystals will be particularly 
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advantageous when utilizing plasmon to enhance the hot electron generation capability 
of doped quantum dots.
166
    
4.4 Conclusion 
        In conclusion, we showed that hot electrons exhibiting enhanced photocatalytic 
activity are produced in Mn-doped quantum dots via the efficient upconversion of the 
energy of two excitons into hot charge carriers taking advantage of very long lifetime of 
Mn excited state. The rate of H2 production by Mn-doped quantum dots exhibited 
quadratic increase with excitation light intensity, whereas a linear increase was observed 
in undoped quantum dots, indicating the involvement of two-photon-induced process. 
The analysis of the excitation rate vs light intensity supports the sequential two-step 
mechanism leading to the generation of hot electrons via very long-lived Mn excited 
state as the intermediate state. Two different pathways, both sharing the same Mn 
intermediate state, have been considered responsible for generating hot electrons in Mn-
doped quantum dots. This study also indicates that Mn-doped quantum dots can 
potentially be a highly efficient source of hot electrons operating at very low excitation 
intensities, when the longevity of the Mn excited state is combined with the other 
strategies, such as plasmon enhancement of excitation rate. Furthermore, the 
upconversion of excitons producing hot electrons observed in this study suggests a 
possible production of hot holes in the structures with efficient coupling between hole 
and Mn, which may further expand the utility of the hot charge carriers. 
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CHAPTER V  
NON-PLASMONIC HOT ELECTRON PHOTOCURRENT FROM MN-DOPED 
QUANTUM DOTS IN PHOTOELECTROCHEMICAL CELL
*
 
5.1 Introduction 
        Hot electrons with excess energy above the band edge or Fermi level in 
semiconductors, metals, and their heterostructures have attracted significant attention for 
their superior electron transfer capability compared to the lower-energy counterparts in 
applications such as photocatalysis or devices.
2-4,10,12,156,167
 For instance, hot electrons 
have demonstrated their ability to enhance or enable the photocatalytic reactions 
including H2 production,
23,158
 water splitting,
161
 and dissociation of H2.
13,14
 In 
photocatalysis, hot electrons are more effective for reduction reaction by not only 
providing the necessary thermodynamic driving force, especially for the energetically 
expensive reactions, but also facilitating the transfer of the electrons across the barrier 
between the electron donor and acceptor. Recently, we showed that hot electrons with a 
large excess energy above the conduction band edge can be produced in Mn-doped 
CdS/ZnS quantum dots (QDs) from near-band edge excitation without using high-energy 
UV photons or intense visible photons to generate hot electrons via direct above-gap or 
multiphoton excitation. Hot electrons in Mn-doped QDs were produced via 
                                                 
*
 Reprinted with permission from Dong, Yitong.; Rossi, Daniel.; Parobek, David. And 
Son, Dong Hee. Non-plasmonic Hot Electron Photocurrent from Mn-doped Quantum 
Dots in Photoelectrochemical Cell. ChemPhysChem. 2016, 17, 660. Copyright 2016 
John Wiley and Sons. 
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'upconversion' of two photoexcited excitons into a hot electron hole pair, which takes 
advantage of very efficient energy transfer between exciton and doped Mn
2+
 ions and 
extremely long lifetime of the excited state of Mn
2+
 ions. The energy transfer time from 
exciton to Mn
2+
 ions in Mn-doped CdS/ZnS QDs ranges from a few to tens of ps 
depending on the doping concentration and location within the QD.
29
 The lifetime of the 
excited ligand field state of Mn
2+
 ion is as long as 6 ms in CdS/ZnS host due to the 
dipole forbidden nature of the ligand field transition of Mn
2+
 ions, which also varies with 
the host material. Fast sensitization of the excited state of Mn
2+
 and its long lifetime 
open the ways to enable the sequential two-step process, where the long-lived Mn
2+
 
excited state functions as an intermediate that provides the excess energy to the 
electrons, even under relatively weak excitation intensities, despite the biphotonic nature 
of the process that usually requires much higher intensity. In our recent study, hot 
electrons from the doped QDs exhibited an enhanced rate of H2 production from water 
compared to the lower-energy electrons from excitons from undoped QDs of the same 
structure, demonstrating hot electron’s ability to enhance the photocatalytic reactions.  
        The maximum excess energy above the band edge that hot electrons can acquire 
from Mn
2+
 ion in Mn-doped CdS/ZnS QDs is higher than 2 eV, since the emission from 
the lowest-energy ligand field transition of Mn
2+
 is peaked at ~2 eV with a large spectral 
bandwidth (280 meV at room temperature) from strong vibronic coupling.
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Considering that the conduction band edge of CdS QDs under quantum confinement is 
~3 eV below the vacuum level,
169
 hot electrons can be energetically located at less than 1 
eV below the vacuum level. This energy is sufficient to overcome the energy barrier at 
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the interface of the doped QDs and other semiconductors or insulators often used to 
create the heterostructures for a variety of applications. Here, we show that hot electrons 
produced in Mn-doped CdS/ZnS QDs are capable of traveling across Al2O3 layers of 
several nanometers in thickness overcoming the high energy barrier from the insulating 
layer, in contrast to the band edge electrons that are blocked by Al2O3 layer. The ability 
to harvest hot electrons capable of long-range electron transfer across the thick energy 
barrier has an important implication in the photocatalysis application of hot electrons, 
since it enables the reduction reaction not only on the surface but also much further away 
from it. The extended spatial extent of the reaction beyond the immediate surface of the 
catalyst will be particularly beneficial in enhancing the kinetics of the photocatalytic 
reactions.  
5.2 Experimental Section 
5.2.1 Preparation and Characterization of Mn-doped and Undoped CdS/ZnS   
        Mn-doped and undoped core/shell CdS/ZnS quantum dots (QDs) were synthesized 
via SILAR (successive ionic layer adsorption and reaction) according tmethods 
introduced in previous chapter. The details of synthesis and characterization methods are 
discussed in our earlier work. Briefly, the CdS core was synthesized with cadmium 
oxide and sulfur dissolved in octadecene producing a diameter of 3.6 nm. The ZnS shell 
was deposited through SILAR, with zinc stearate and sulfur dissolved in toluene and 
octadecene respectively. The manganese was doped in the ZnS shell using manganese 
acetate in oleylamine. The coating and doping procedure resulted in a final diameter of 
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7.0 nm. Ligand exchange was utilized to disperse the QDs (QDs) in methanol by mixing 
QD chloroform solution with an aqueous 3-mercaptopropionic acid (MPA) solution at 
pH >8 overnight. Absorption and emission measurements were made with a fiberoptic-
coupled CCD spectrometer (QE65, Ocean Optics). The Mn excited state lifetime was 
measured with a pulsed N2 laser (NL100 SRS, 337 nm) as the excitation source. Time 
dependent emission intensity near the peak selected with a narrow bandpass filter (610 ± 
5 nm) was detected with a PMT (R928, Hamamatsu) and a digital oscilloscope 
(WaveAce 234, Teledyne Lecroy) (Figure 27). 
 
 
 
Figure 27. Time dependent Mn luminescence intensity from Mn-doped CdS/ZnS 
quantum dots and multiexponential fit. The average lifetime from the fit is 6ms. 
 
5.2.2 Preparation of Glass/ITO/Al2O3/QD Photoanode 
        The surface of ultra-flat indium tin oxide (ITO)-coated glass substrates (Thin Film 
Devices Inc., ITO thickness: 15±1 nm) were initially cleaned by treating with UV/ozone 
(Bioforce Nanosciences UV/Ozone). Subsequently Al2O3 layers were deposited by 
atomic layer deposition (Cambridge Nanotech) using trimethylaluminum (TMA) and 
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water as the precursor at the temperature of 150 °C with the final target thickness of 5.4 
and 7.5 nm by applying 50 and 70 deposition cycles respectively (1 cycle: ~1.07 Å). A 
Teflon tape was used to mask a portion of ITO surface during the deposition of Al2O3 
layers to allow an electrical connection. The resulting glass/ITO/Al2O3 substrates were 
cleaned by UV/ozone treatment then hydrated before the deposition of the QD layer by 
dipping the substrate to the methanol solution of Mn-doped or undoped CdS/ZnS QDs 
passivated with MPA overnight. Subsequently, the substrate was rinsed with excess 
methanol to remove any QD not bound to the surface of the substrate. Only the Al2O3 
side of the substrate was coated with QDs by masking the opposite side of the glass 
substrate with Kapton tape during the deposition of QDs. To estimate the surface density 
of the QDs, elemental analysis via inductively coupled plasma mass spectrometry 
(NexION 300D) was employed to determine the total concentration of Cd and Zn ions. 
For this purposes, the doped and undoped QDs were recovered from the photoanode by 
digestion with concentrated nitric acid. The average diameter and volume of the core and 
core/shell QDs were determined from the analysis of the TEM images. The total number 
of the QDs deposited on the photoanode was calculated from [Cd
2+
]/<nCd>, where <nCd> 
is the average number of Cd
2+
 ions per QD, which was calculated from the volume of a 
single CdS QD core. The surface density of the QDs calculated from the total number 
the QDs and the area of the photoanode deposited with QDs is 3900±300/μm2. 
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5.2.3 Current Measurement 
        The photoelectrochemical cell consists of a glass/ITO/Al2O3/QD photoanode and a 
platinum cathode immersed in methanolic solution of saturated sodium polysulfides 
(~0.6 M). The glass side of the photoanode was placed against the inner wall of a cuvette 
using microscope immersion oil to make an optically continuous interface. This 
procedure was needed to avoid the strong absorption of the excitation light by the 
polysulfide solution before reaching the QD layer on the photoanode. A cw diode laser 
emitting at 405 nm was used as the excitation source and the beam diameter on the 
photoanode was 1.2 mm. The photoelectrochemical cell was placed inside a doubly-
shielded Faraday cage to reduce the electrical noise. Current measurements were made 
using picoammeter (Keithley 6487) in conjunction with a lock in amplifier (SRS, SR830 
DSP Lock in Amplifier) at the reference frequency of 47 Hz that modulated the 
excitation light intensity using an optical chopper. Lock-in detection was required for the 
measurements in this study due to the low level of the photocurrent (0.1-10 nA) 
produced from a small area of sub-monolayer QD layer.  To determine the polarity of 
the photocurrent, which is lost in the lock-in detection, the output from the picoammeter 
was also directly measured on an oscilloscope. For the photocurrent density vs. light 
intensity measurement, reflection and absorption loss of the excitation light was taken 
into account. 
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5.2.4 Direction and Stability of Photocurrent 
        The glass/ITO/Al2O3/Mn-doped QD electrode coated with Al2O3 layer thickness of 
5.4 nm was used to test the direction and stability of the photocurrent at the excitation 
intensity of ~1.4 W/cm
2
. The signal was directly measured on a digital oscilloscope 
(WaveAce 234, Teledyne Lecroy). The laser was modulated at the same frequency (47 
Hz) used in the photocurrent measurement. The output signals from the picoammeter 
were averaged for 10 s to reduce the noise. Figure S3 shows the output signals as a 
scaled, inverted ±2 V DC signal for 5 continued cycles. This means that the 
glass/ITO/Al2O3/Mn-doped QD electrode is working as a photoanode. The similar 
output voltages of the photoanode under illumination shows the stability of the electrode 
from cycle to cycle (Figure28). 
 
 
 
Figure 28. Output signals of 5 cycles under chopped irradiation. 
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5.3 Result and Discussion 
        In this study,
170
 we measured the photocurrent from the hot electrons produced in 
Mn-doped CdS/ZnS QDs using the photoelectrochemical cell shown in Figure 29a. In 
this cell, the photoanode is made on the ITO-coated glass, on which the variable-
thickness Al2O3 layer and a single layer of QDs were deposited sequentially as shown in 
Figure 29b. Platinum wire was used as the cathode and methanolic solution of 
polysulfides was used as the electrolyte. The details of the construction of the cell are 
described in the experimental section. In the photoanode, the conduction band edge of 
Al2O3 layer separating the QD and ITO layers is significantly higher than the energy of 
the band edge electron in CdS/ZnS QD. The conduction band edge of crystalline Al2O3 
is ~0.9 eV below the vacuum level and is considered to be lower in the amorphous Al2O3 
layer deposited via ALD (Atomic Layer Deposition), depending on the crystallinity and 
defect density.
171
 Despite the uncertainties in the energetic location of the band edge, 
amorphous Al2O3 layer provides a sufficiently high barrier for the band edge electron 
from CdS/ZnS QD as illustrated in Figure 2(a). Since the exciton absorption peak (420 
nm) of CdS/ZnS host in Mn-doped QDs is close to the excitation wavelength of 405 nm, 
the electrons derived from the photoexcited exciton should be near the band edge level 
that cannot readily pass through Al2O3 layer. On the other hand, a portion of the hot 
electrons produced via ‘upconversion’ in Mn-doped QDs can potentially be at the energy 
level exceeding the barrier imposed by Al2O3 layer if the entire energy available from 
Mn
2+
 excited state, which has a broad bandwidth as reflected in the emission spectrum 
shown in Figure 29b, is transferred to the band edge electrons. However, an accurate 
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estimation of the proportion of hot electrons exceeding the barrier height will require 
further quantitative characterization of the excess kinetic energy of hot electrons and the 
band edge level of Al2O3 layer, which is beyond the scope of this study. Here, we will 
focus on delineating the superior capability of hot electrons produced in Mn-doped QDs 
in performing long-range electron transfer across thick insulating barrier compared to 
usual band edge electrons rather than accurately quantifying the excess energy and the 
population of hot electrons overcoming the energy barrier.  
 
 
 
Figure 29. a) Energetic locations of the band edges of Mn-doped CdS/ZnS quantum dot 
and Al2O3 layer deposited on the photoanode, b) Absorption cross section (solid) and 
emission spectra (dashed) of Mn-doped (red) and undoped (blue) quantum dots. 
 
 
        To compare the hot electron’s ability to transfer across Al2O3 layer overcoming the 
energy barrier to that of the band edge electron, photocurrent was measured using the 
photoanodes fabricated with both Mn-doped and undoped CdS/ZnS QDs sharing the 
same host structure. Since the host semiconductor structures are the same, the absorption 
spectra and the extinction coefficient of both doped and undoped QDs are nearly 
identical as shown in Figure 29b. The emission from exciton and Mn transition in 
 82 
 
undoped and Mn-doped QDs are also shown for comparison. Because the energy barrier 
provided by Al2O3 layer between the QD and ITO layers distinguishes hot electrons 
from band edge electrons, the stability of Al2O3 layer in the electrolyte and the 
robustness of the photocurrent in the desired direction is crucial in this study. In fact, 
when aqueous polysulfide solution was used as the electrolyte, the fluctuation of the 
photocurrent was large and the direction of the photocurrent was reversed with change of 
excitation light intensity, preventing a reliable measurement of hot electron current. This 
may be partially due to the structural instability of Al2O3 layer in highly basic aqueous 
solution, but this problem was solved by using methanol as the solvent. With methanol, 
the photoelectrochemical cell produced the stable photocurrent with much less noise that 
is consistent with glass/ITO/Al2O3/QD electrode’s function as the photocathode although 
the photocurrent was significantly lower than with aqueous solution likely due to the 
lower concentration of the electron and hole acceptors in methanol solution. 
 
 
 
Figure 30. Comparison of photocurrent densities from photoanodes coated with Mn-
doped and undoped CdS/ZnS quantum dots as a function of excitation intensity for 
Al2O3 layer thickness of a) 5.4 nm and b) 7.5 nm. 
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        Figure 30a and b show the photocurrent densities measured from the 
photoelectrochemical cells constructed with photoanodes having Al2O3 layers of two 
different thicknesses, 5.4 and 7.5 nm respectively for a and b. Each figure compares the 
photocurrent densities from the photoanodes fabricated with doped and undoped 
CdS/ZnS QDs. For more reliable comparison of the Al2O3 layer thickness-dependent hot 
electron photocurrent, the distance distribution that hot electrons travel from their origin 
to ITO across Al2O3 layer was minimized by depositing the QDs at sub-monolayer 
average coverage on the surface of the photoanode as confirmed by the elemental 
analysis. The photocurrent density from the photoanode without a QD layer serving as 
the reference for the background signal is below the noise level (0.3 nA/cm
2
 for 7.5 nm 
Al2O3 layer) and is not shown. For all the measurements, several different photoanodes, 
prepared independently using the same fabrication procedure, were used to obtain the 
average photocurrent density and standard deviation indicated by the marker and error 
bar respectively in Figure 30. A potential factor that may contribute to the variation of 
the photocurrent densities between different photoanodes of the same Al2O3 layer 
thickness is the surface density of the QDs on the photoanode. The elemental analysis of 
the QD layer recovered from the nitric acid digestion of the photoanode indicated that 
both doped and undoped QDs show comparable surface coverage on the surface of 
Al2O3. Based on the diameter of the QDs determined from TEM the estimated average 
surface density of QDs is 3900±300/μm2 for both doped and undoped QDs. This is not 
unexpected since the particle size and the surface passivation (3-mercaptopropionic acid, 
MPA) of both undoped and doped QDs are identical and the same surface chemistry is 
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responsible for the binding of the MPA-passivated QDs on Al2O3 surface.
172
 The 
photocurrent densities measured at different areas of the same photoanode exhibited  
<1.6 % variation indicating that the surface density of QDs on the photoanode is 
homogeneous on the length scale of excitation beam size (~1 mm). Relatively small 
variation of the photocurrent densities measured from different photoanodes, particularly 
for 5.4 nm-thick Al2O3 layer, also supports the reproducible coverage of the QDs. 
        In Figure 30, the measured photocurrent density is negligible when undoped QDs 
are used for both 5.4 and 7.5 nm-thick Al2O3 layers. The negligible photocurrent is due 
to the efficient blockage of the low-energy band edge electrons by Al2O3 layer as well as 
the absence of the net reduction reaction near the surface of the QDs. In contrast, the 
photoanodes with doped QD layer exhibit a photocurrent density that increases 
superlinearly at the lower excitation intensities (e.g., <0.5 W/cm
2
), followed by the linear 
increase at the higher excitation intensities for both 5.4 and 7.5 nm-thick Al2O3 layers. 
The initial superlinear increase of the photocurrent density with the excitation intensity 
is consistent with the two-step sequential process for the generation of hot electrons, 
which requires the excitation of two excitons. In an ideal situation, one would expect the 
quadratic increase of the photocurrent density with the excitation intensity reflecting the 
biphotonic ‘upconversion’ process for the hot electron production. This quadratic 
behavior was also observed in hot electron-induced H2 production in our earlier study. 
Linear increase of the photocurrent density at the higher excitation intensities suggests 
the saturation of Mn
2+
 excited state population, serving as the intermediate state. The 
photoexcitation rate estimated from the absorption cross section of the QDs (σ=1.4x10-15 
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cm
2
) and the excitation intensity of 1 W/cm
2
 at 405 nm is 2850/s. Due to the long 
lifetime of Mn
2+
 excited state, the saturation to the maximum population of Mn
2+
 excited 
state can readily occur at this excitation rate condition. Between the two photoanodes 
with different Al2O3 layer thickness (5.4 and 7.5 nm), the photocurrent density is much 
higher for 5.4 nm-thick Al2O3 layer as expected from the behavior of hot electrons 
transporting across the insulating layer. If the photocurrent is from the quasi free 
electrons with initial kinetic energy above the barrier of Al2O3 layer, the current density 
is expected to decrease exponentially with the thickness of the insulating barrier if the 
inelastic scattering is considered as the main energy loss mechanism.
173
 If the tunneling 
of hot electrons near but below the barrier is involved in producing hot electron current, 
the current density will also decrease exponentially with the barrier thickness. 
        Hot electron photocurrent measured in the photoelectrochemical cell in this study 
certainly does not represent the efficiency of generating hot electrons via upconversion 
because of the relaxation of hot electrons during the transport across Al2O3 layer and the 
low concentration of the electron acceptors (proton) in methanolic solution of 
polysulfides that can limit the overall photocurrent. There is also a possibility of hot 
electron charge-transfer-to-solvent followed by the geminate recombination with hole 
left on doped QD or the scavenging of hot electrons by the nearby electron acceptors, 
which will reduce the proportion of the initially produced hot electrons that ultimately 
contribute to the measured hot electron current. Nevertheless, we attempted to estimate 
the apparent quantum efficiency (QE) of detecting the hot electrons that crossed the 
Al2O3 barrier layer in the photoelectrochemical cell used in this study via redox reactions 
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for each two photons absorbed by the QDs using Eq. (1). Here, J is the photocurrent 
density, e is the charge of an electron, F is the photon flux of the excitation light, σ is the 
optical absorption cross section of QD at the excitation wavelength (1.4×10
-15
 cm
2
), s is 
the surface density of QDs (3.9×10
11 
/cm
2
) on the photoanode. 
                                                             QE=2J/eFσs  
        In the linear regime of photocurrent density vs. light intensity (e.g., at 1 W/cm
2
 
excitation intensity), the apparent quantum efficiency was estimated to be 310-3 and 
310-4 for 5.4 and 7.5 nm-thick Al2O3 layer. Considering that the mean free path for the 
collision of an electron with optical phonon of 0.1 eV in Al2O3, which is the main 
mechanism to dissipate the energy of hot electrons, is ~1.2 nm
174
 and that the 
photocurrent is limited by the availability of the electron acceptor in solution, the above 
apparent quantum efficiency is substantial compared to the photochemical proton 
reduction quantum yield of common semiconductor QD-based photocatalysts (1×10
-
4
~1×10
-1
) without an intervening insulating barrier.
175,176
 
        It is worth to compare hot electrons produced in Mn-doped QDs and hot electrons 
produced in plasmonic metal nanoparticles. Hot electrons are produced in plasmonic 
metal nanoparticles via excitation of localized surface plasmon taking advantage of 
strong plasmon absorption and the presence of nonradiative decay pathway converting 
plasmon into hot electron-hole pair. Compared to the plasmonic hot electrons in metal 
nanoparticles, hot electrons in Mn-doped II-VI semiconductor QDs can be more 
energetic because of the higher energetic location of the conduction band edge of II-VI 
semiconductors (3-4 eV below vacuum level) than the Fermi level or d-band where the 
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plasmonic hot electron originates. For common plasmonic metals such as Au and Ag, the 
Fermi level is 4-5 eV below the vacuum level and d-bands are located ~2 eV below the 
Fermi level.
99
 For this reason, non-plasmonic hot electrons produced in Mn-doped QDs 
will be located at the higher energy level for the same amount of excess kinetic energy, 
which can be more beneficial for the electron transfer processes that are 
thermodynamically and kinetically expensive. 
5.4 Conclusion 
        In conclusion, the photocurrent from hot electrons produced via upconversion in 
Mn-doped CdS/ZnS QDs was measured using the photoelectrochemical cell. Al2O3
 
layer 
of 5.4-75 nm in thickness was inserted between ITO and QD layers in 
glass/ITO/Al2O3/QD photoanode, which provided the energy barrier that blocks the flow 
of the lower-energy band edge electrons while allowing the flow of hot electrons. When 
undoped QDs were deposited on the photoanode, negligible photocurrent was observed 
under near-bandgap excitation due to the efficient blockage of the band edge electrons 
by Al2O3 layer. In contrast, the photoanode with Mn-doped QD layer produced the 
photocurrent that increases superlinerly at lower excitation intensities followed by the 
linear increase at the higher excitation intensities. At a given excitation intensity, the 
photocurrent was larger for the photoanode with thinner Al2O3 layer. These results 
indicate that hot electrons produced via upconversion in Mn-doped CdS/ZnS QDs under 
near-bandgap excitation possess sufficient excess kinetic energy above the conduction 
band edge enabling the long-range electron transfer across the insulating Al2O3 layer. 
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The long-range electron transfer capability demonstrated by hot electrons produced in 
doped quantum dots will be beneficial for the application of semiconductor-based non-
plasmonic hot electrons, such as photocatalysis. 
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CHAPTER VI  
PHOTOEMISSION OF ENERGETIC HOT ELECTRONS PRODUCED VIA 
UPCONVERSION IN DOPED QUANTUM DOTS
*
 
6.1 Introduction 
        Photoexcited hot electrons with excess kinetic energy above the conduction band 
edge of a semiconductor or the Fermi level of a metal are beneficial for many 
photoinduced processes involving charge transfer,
4,10,177
 such as 
photocatalysis
13,14,23,155,156,161,178
 and photovoltaics.
1-3,179-181
 The excess kinetic energy of 
hot electrons provides the stronger thermodynamic driving force and lowers the energy 
barrier for the electron transfer process, facilitating thermodynamically and kinetically 
expensive reactions. For many semiconductor nanocrystals, widely used as the source of 
photoexcited charge carriers, direct photoexcitation of hot electrons with a large excess 
energy often requires UV photons outside of the solar spectrum,
152
 making it difficult to 
produce hot electrons utilizing the solar radiation as the energy source. While 
multiphoton excitation with lower-energy photons is possible, it requires very intense 
light.
151
 Another strategy to produce hot electrons without UV or intense light is utilizing 
semiconductor heterostructures where the electrons excited near the bandedge on one 
side of the heterostructure are transferred to the other side with the lower conduction 
                                                 
*
 Reprinted with permission from Dong, Yitong.; Parobek, David.; Rossi, Daniel. and 
Son, Dong Hee. Photoemission of Energetic Hot Electrons Produced via Upconversion 
in Doped Quantum Dots. Nano. Lett. 2016, 138, 13253. Copyright 2015 American 
Chemical Society. 
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bandedge. However, there is no actual gain of energy in this process, since the acquired 
excess energy is relative to the lowered conduction bandedge.
5
 For these reasons, the 
production and utilization of energetic hot electrons in the photochemical processes has 
been relatively limited compared to the lower-energy bandedge electrons despite their 
anticipated benefits. 
    In this work,
182
 we show that hot electrons carrying large excess energy even 
capable of photoemission above the vacuum level with extra kinetic energy can be 
generated from Mn-doped CdS/ZnS quantum dots (QDs) under weak cw bandedge 
excitation via exciton-to-hot carrier ‘upconversion’. The rapid (<10 ps) energy transfer 
between exciton and long-lived (>5 ms) excited state of Mn
2+
 ions (Mn
2+*
)
29,86
 enable 
the upconversion of two excitons to a pair of hot charge carriers,
31,86
 creating hot 
electrons under weak photoexcitation as demonstrated in our recent study.
23,170
 In this 
process, Mn
2+*
 provides the excess energy to the electrons in conduction band. Since the 
energy available from Mn
2+*
 is >2 eV, a portion of hot electrons can potentially be above 
the vacuum level, resulting in the emission of hot electrons out of the QD under weak 
bandgap excitation. Compared to the plasmonic hot electrons excited from below the 
Fermi level via nonradiative decay of plasmon, which are several eV below the vacuum 
level,
96,98,183
 hot electrons generated via upconversion in Mn-doped QDs are far more 
energetic and possibly with slower thermalization,
184
 therefore more readily applicable 
for hot electron-induced processes. Furthermore, the prospect of obtaining solvated 
electrons from the hot electrons emitted into the surrounding solvent medium is unique 
and can open a new channel for the photoinduced electron transfer beyond the surface of 
 91 
 
the QDs. Here, we directly measured the photoemission current of hot electrons emitted 
into vacuum from Mn-doped QDs under weak excitation (~10 W/cm
2
) near the bandgap 
and characterized the excess kinetic energy of hot electrons at the higher-energy tail of 
the spectrum. The results from this study show the unique capability of non-plasmonic 
hot electrons produced via upconversion to reach above the ionization threshold and 
their potential to drastically increase the spatial extent of photoinduced electron transfer 
process. 
6.2 Experimental Section 
6.2.1 Synthesis, Preparation and Structural Characterization of QDs 
       Mn-doped CdS/ZnS core/shell QDs with controlled doping concentration and radial 
doping location were prepared by employing the well-established SILAR (Successive 
Ionic Layer Adsorption and Reaction) method. Briefly, the radial doping location of Mn 
was controlled by varying the introduction sequence of Mn precursor during the layer-
by-layer deposition of the ZnS shell. Doping concentration, controlled by varying the 
concentration of Mn precursor during the synthesis, was determined by the elemental 
analysis employing inductively coupled plasma mass spectrometry. The diameter of 
CdS/ZnS core/shell QDs determined from transmission electron microscopy (TEM) is 7 
nm not including the surfactant. (Supporting Information) Ag nanocrystals (50 nm, 
citrate functionalized) were purchased from Sigma-Aldrich and used as received. 
        For doping Mn on the CdS surface, different Mn precursor will be used. The reason 
for this is to doped Mn on the surface of the CdS core, higher temperature cannot be 
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used since Ostwald ripening will happen. To use lower doping reacting temperature, Mn 
precursor that is more active has to be used. In this synthesis, an oleylamine solution of 
manganese diethyldithiocarbamate solution was used. To make this precursor, Mn 
precursor made for shell doping has to be made first as introduced in chapter 3.1. Then 
in a glove box, sodium thiocarbonate (54 mg) and OAm (2 mL) was added in a three-
necked flask. Then the flask was installed on a Schleck line under the protection of 
nitrogen and evacuated for 5 min at room temperature. The solution was heated to 60 °C 
for 10 min under vacuum with the injection of 6 mL Mn precursor for shell doping. The 
solution was kept at 60 °C for 10 min then cooled to room temperature. The solution was 
purged with nitrogen right before use.   
        To doped Mn
2+
 on the surface of CdS core, The CdS core solution was dried and re-
suspended into mixture of 5 mL ODE and 2 mL OAm. The solution was evacuated and 
purged with nitrogen three times in a Schleck line. Then the solution was heated to 220 
°C under nitrogen. Certain amount of manganese diethyldithiocarbamate solution was 
subsequently added dropwise into the solution and the reaction was kept at 220 °C for 20 
min. The reaction was quenched with air flow and water bath. Cleaning method is the 
same as introduce in section 3.1.  
 
6.2.2 Absorption Spectra and Lifetime of Mn Excited State from Photoluminescence  
        The absorption spectra of the solutions of QDs were collected with a CCD 
spectrometer (USB 2000, Ocean Optics, Figure 31). The lifetime of the excited state of 
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Mn was measured via time-resolved photoluminescence measurement using a 337 nm 
nitrogen laser (NL100, Stanford Research Systems) as the excitation source. The time-
dependent luminescence intensity signal was detected with a PMT (R928, Hamamatsu 
Photonics KK), an amplifier (C9663, Hamamatsu Photonics KK), and a digital 
oscilloscope (WaveAce 234, Teledyne Lecroy).    
The time-dependent Mn dopants luminescence intensity (I) was fit to a multi-exponential 
function and the average lifetime (τavg) was obtained from the fitting constants. Lifetime 
averages of different sample QDs are listed in Table 3. 
 
𝐼 = 𝑎1 × 𝑒
−𝑡/𝜏1 + 𝑎2 × 𝑒
−𝑡/𝜏2 + 𝑎3 × 𝑒
−𝑡/𝜏3 
𝜏𝑎𝑣𝑔 =
𝑎1 × 𝜏1
2 + 𝑎2 × 𝜏2
2 + 𝑎3 × 𝜏3
2
𝑎1 × 𝜏1 + 𝑎2 × 𝜏2 + 𝑎3 × 𝜏3
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Figure 31.. a) Absorption spectrum of Mn-doped CdS/ZnS QD (Sample C), undoped 
CdS/ZnS QD, and their pictorial depiction of the structure. Mn is the average Mn 
doping concentration per particle. R is the radial doping location in the number of ZnS 
layers from the core/shell interface. b) Time-dependent excited Mn dopants 
luminescence intensity of all sample QDs. Solid lines are the fitting curves. 
 
 
Sample a1 a2 a3 τ1 (ms) τ2 (ms) 
τ3 
(ms) 
τavg (ms) 
A 0.09 0.20 0.73 0.22 1.46 7.17 6.85 
B 0.38 0.41 0.19 1.35 6.56 0.23 5.64 
C 0.32 0.51 0.15 5.20 1.29 0.11 4.05 
 
Table 3. Parameters used in the fitting of Figure 31. 
 
6.2.3 Preparation of QD/ITO/glass electrode 
     ITO/glass substrates (Thin Film Devices) were initially cleaned by rinsing with 
acetone and UV-Ozone treatment prior to the deposition of the QDs. The cleaned 
ITO/glass substrates were dipped in an acetonitrile solution of 3-mercaptopropionic acid 
(MPA) to functionalize the surface of ITO with MPA used as the linker between the 
QDs and the electrode. After rinsing the MPA-functionalized ITO/glass substrate with 
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acetonitrile, the substrates were dipped in a chloroform solution of QDs for 12 hrs. After 
the deposition of the QDs, QD/ITO/glass electrodes were thoroughly rinsed with 
chloroform to remove the excess QDs not directly linked to the surface of ITO/glass 
substrate. AFM images of QD/ITO/glass electrodes shows the height of ~8 nm at the 
location of the QDs that corresponds to the diameter of the QD with surfactant (Figure 
32). The average coverage of QDs on the electrodes on macroscopic scale was estimated 
from the elemental analysis of the nitric acid-digested QDs from QD/ITO/glass 
electrodes and the measured absorption cross section of the QD. The Ag nanocrystals 
were deposited onto the ITO/glass surface by dipping the cleaned slide into an ethanol 
solution of (3-Aminopropyl) trimethoxysilane (APTMS) overnight. The slide was rinsed 
thoroughly with ethanol to remove any excess ligands then dipped in a Ag nanocrystal 
solution overnight followed by rinsing with MQ water to remove loosely attached 
particles. 
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Figure 32. AFM image of a) Mn-doped QD Sample C and b),c) Ag nanoparticles on 
ITO/glass substrate. The line profiles of AFM images show the heights of QDs and Ag 
nanoparticles on ITO/glass substrate are approximately 8 nm and 50 nm respectively.  
 
        The AFM image of QDs or Ag nanoparticles deposited on ITO/glass substrate was 
obtained with Bruker Dimension Icon AFM using tapping mode. Figure X shows the 
AFM image of QDs and Ag nanoparticles on ITO/glass substrate and their height 
profile. From the profile plot, it is confirmed that the particles only formed sub 
monolayer.  
 
6.2.4 Determination of Surface Coverage of QDs on QD/ITO/glass Electrode 
        The average surface coverage of QDs on QD/ITO/glass electrode was determined 
by the elemental analysis. Initially, QDs deposited on the glass side of ITO/glass 
substrate was removed by cleaning the glass surface with nitric acid and rinsing with 
deionized water multiple times. Subsequently, the QDs deposited on ITO side of the 
substrate were recovered by digesting the QDs in concentrated nitric acid (BDH) under 
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sonication. The concentration of QDs in the recovered solution and the total number of 
QDs were determined in the same way as described above. The average surface 
coverage was obtained from the known area of the QD/ITO/glass electrode coated with 
QDs and total amount of QDs. Measurement of QD coverage on multiple substrates 
showed that the surface coverage QDs are relatively uniform among the substrates at 
~30%. The approximate surface coverage of Ag nanoparticles on the substrate 
determined from the analysis of many AFM images is ~10%. 
 
6.2.5 Photoemission Current Density Measurement 
        For the measurement of the photoemission current density, a pair of parallel 
electrodes composed of QD/ITO/glass and a copper plate was constructed. The spacer 
separating the two electrodes was made of Kapton with a hole at the centre to collect the 
emitted hot electrons on the copper electrode. The assembled electrodes were placed in 
an optical cryostat (Janis ST100) to measure the photoemission current under vacuum 
(<10
-6
 Torr). QD/ITO/glass electrode was directly attached to the cold finger of the 
optical cryostat for the control of the temperature. The two electrodes were connected to 
a picoammeter/voltage source (Keithley model 6487) through a feedthrough and 
shielded cables to measure the current at varying bias voltages. The entire setup was 
enclosed in a Faraday cage to minimize the noise. The light from a cw diode laser 
emitting at 405 was used for the photoexcitation, which was focused on the 
QD/ITO/glass electrode at the beam diameter of ~0.5 mm. The photoemission current 
 98 
 
was measured with a lock-in amplifier (Stanford Research Systems, SR830) by chopping 
the excitation light at 47Hz. 
6.3 Result and Discussion 
        The hot electron photoemission current density (Jhot) from Mn-doped QDs was 
measured using a pair of parallel electrodes composed of a thin film of Mn-doped QDs 
deposited on ITO/glass substrate and a copper plate as shown in Figure 33a. The 
QD/ITO/glass and copper electrodes, separated by 1.5 mm, were placed in an optical 
cryostat under vacuum. An electrically insulating spacer with a hole at the center was 
inserted between the two electrodes, allowing the collection of the emitted hot electrons 
in the angle range of 75 under weak cw excitation near the bandgap of the QD. In 
order to measure Jhot without the interference from the overlying QDs, the surface 
density of QDs on the electrode was kept at submonolayer level using a bifunctional 
molecular linker attached to the surface of ITO. An AFM image of the QD/ITO/glass 
electrode in Figure 33b shows the submonolayer coverage of the QDs, which was also 
confirmed by the elemental analysis with an average coverage of ~30%. The details of 
the sample preparation, elemental analysis, and measurement of the photoemission 
current density are in the Experimental Section. 
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Figure 33. a) Setup for the measurement of hot electron photoemission current density 
(Jhot) in vacuum. A and V represent an ammeter and a variable voltage source 
respectively. b) An AFM image of the surface of QD/ITO/glass electrode. A line profile 
of the AFM image shows the height of ~8 nm at the location of QD, which matches the 
size of the QD passivated with oleylamine. The lower right corner of the image shows 
the region of QD/ITO/glass substrate without QDs. 
 
        All the measurements of Jhot reported here were made using Mn-doped CdS/ZnS 
QDs with several different doping concentrations or (and) radial doping locations. Since 
the doping concentration and location affect the rate of exciton-Mn energy transfer,
29
 a 
key step of the hot electron production, we examined how the doping structure correlates 
with the hot electron photoemission current density. The measurements were made also 
with undoped QDs and plasmonic metal (Ag) nanocrystals to contrast the high-energy 
hot electrons produced via upconversion with the lower-energy bandedge electrons and 
plasmonic hot electrons. Figure 34 depicts the doping concentration and radial doping 
location in three Mn-doped CdS/ZnS QDs labelled A, B and C and compares the 
absorption (or extinction) spectra of Mn-doped QDs and Ag nanocrystal. Mn and R 
represent the average Mn doping concentration per particle and the radial doping 
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location in the number of ZnS layers from the core/shell interface respectively. All three 
Mn-doped CdS/ZnS QDs exhibit essentially the same absorption spectra as the undoped 
QDs (Supporting Information) due to the weak influence of the doped Mn
2+
 ions on the 
electronic structure of the host QD. Ag nanocrystal exhibiting the plasmon resonance at 
425 nm, close to the exciton absorption of Mn-doped CdS/ZnS QDs, is chosen for the 
comparison of the plasmonic and non-plasmonic hot electrons excited with photons of 
the same energy. 
 
 
 
Figure 34. Absorption (or extinction) spectra of Mn-doped and undoped CdS/ZnS QDs 
and Ag nanocrystal. Pictorial representation of the radial doping location and 
concentration of the different Mn-doped QDs labelled as A, B and C is shown next to 
each spectrum. Mn is the average Mn doping concentration per particle. R is the radial 
doping location in the number of ZnS layers from the core/shell interface. Ag 
nanocrystals exhibit the plasmon resonance at 425 nm, close to the bandgap of Mn-
doped CdS/ZnS QDs. 
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        Figure 35a shows Jhot of sample A and undoped CdS/ZnS QD measured at the 
ambient temperature (292 K) between the unbiased electrodes as a function of the 
excitation intensity at 405 nm, close to the bandedge exciton absorption. The 
photoexcitation rate in these QDs is less than 3000/s at 1 W/cm
2
 excitation intensity
185
. 
Jhot of sample A increases superlinearly with the excitation intensity, consistent with the 
biphotonic upconversion mechanism producing hot electrons. In contrast, undoped QD 
producing the electrons only near the conduction bandedge shows no measurable Jhot 
above the constant background level. The difference between the energies of the 
electrons in undoped and Mn-doped QDs is illustrated in Figure 35c. The quantum-
confined conduction bandedge level of CdS core in CdS/ZnS QDs is considered located 
at 2.5-3 eV below the vacuum level.
184
 Therefore, the electrons generated in undoped 
QDs cannot be emitted above the vacuum level. In contrast, if the additional energy of 
more than 2 eV from Mn
2+*
 is given to the electron in the conduction band during the 
upconversion process, the average energy of hot electrons is close to the vacuum level. 
Because of the broad energy spectrum of hot electrons, a subpopulation of hot electrons 
above the vacuum level can be emitted and detected as the photoemission current. 
Recently, plasmonic metal nanostructures were demonstrated to be a viable source of hot 
electrons taking advantage of the strong light absorption by plasmon and the accessible 
pathway of converting plasmon into hot charge carriers.
11,186,187
 However, since the 
plasmonic hot electrons originate from below the Fermi level located at 4-5 eV below 
the vacuum level, their energy is still several eV below the vacuum level.
98,99
 Similarly 
to the undoped QDs, Ag nanocrystals produce no detectable hot electron photoemission 
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current as expected from the low energy of the plasmonic hot electrons as shown in 
Figure 35a. The hot electron photoemission observed uniquely in Mn-doped QDs is 
particularly significant considering the relatively low excitation intensity, which 
suggests the possible hot electron photoemission using the concentrated solar radiation 
as the excitation source in practical applications. 
 
 
 
Figure 35. a) Hot electron photoemission current density (Jhot) vs excitation intensity of 
sample A, undoped QD and Ag nanocrystals measured from the unbiased electrodes at 
292 K. The error bar is smaller than the size of the marker if not shown. b) Jhot vs 
excitation intensity of sample A, B, and C measured from the unbiased electrodes at 292 
K. c) Comparison of the energies of the bandedge electron in undoped QD, hot electron 
in Mn-doped QD and plasmonic hot electron in Ag nanocrystal. Blue and red dots 
represent bandedge electron and hot electron respectively. 
 
        The efficiency of hot electron production via upconversion at a given excitation 
condition depends on many factors including exciton-Mn energy transfer rate, Mn
2+*
 
lifetime and the rates of other competing dynamic processes, such as the nonradiative 
relaxation of the exciton. Among these factors, the exciton-Mn energy transfer rate can 
be systematically varied by controlling the doping concentration and location. Generally, 
hot electron generation will be more effective as the exciton-Mn energy transfer rate 
 103 
 
increases, although the reality is more complex. In our previous study, we showed that 
the exciton-Mn energy transfer rate increases with increasing doping concentration and 
decreasing distance between dopant and the centre of the exciton wavefunction
29
. 
Therefore, the order of the energy transfer rate is A < B < C for the three Mn-doped 
CdS/ZnS QDs compared in this study and the same order is expected for the capability 
to produce hot electrons that generate the photoemission current. In Figure 35b, Jhot of 
sample A, B and C are compared at varying excitation intensities. In this comparison, 
QD/ITO/glass electrodes have the comparable surface density for all three different Mn-
doped QDs, therefore the difference in Jhot reflects primarily the difference in the energy 
transfer rate. The measured Jhot increases in the same order of exciton-Mn energy 
transfer rate, showing the structural controllability of the hot electron production 
capability. 
    The photoemission current observed in this study is a direct evidence for the 
production of hot electrons with excess energy reaching above the vacuum level. On the 
other hand, Jhot shown in Figure 35 does not carry information on the energy of hot 
electrons. While it is difficult to measure the entire energy spectrum of the hot electrons 
produced in Mn-doped QDs, a useful insight into the upper limit of the hot electron 
energy can be obtained from the bias-dependent Jhot measurement. Figure 35a shows Jhot 
of sample A, B, and C as a function of the bias applied to the copper electrode with 
respect to QD/ITO/glass electrode at the excitation intensity of 29 W/cm
2
. As the bias 
increases from 0 to positive, Jhot increases due to the change of the angular distribution 
of the emitted hot electrons by the electric potential, which has an effect equivalent to 
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the increase of the collection angle of the electrons on the copper electrode. The 
saturation of Jhot occurred above 1 V. Due to the weak electric field between the 
electrodes from the applied bias (<7 V/cm), field emission is unlikely to occur. At 
negative biases, Jhot decreases as the bias becomes more negative, reaching zero at the 
stopping voltage of the emitted hot electrons. Since the hot electrons detected as the 
photoemission current are at the higher-energy tail of the energy spectrum, it is difficult 
to know the entire spectrum of the hot electrons from this measurement. However, the 
data in Figure 36a indicate that the hot electrons observed in this study possess the 
kinetic energy as high as ~0.4 V above the vacuum level. Considering that the average 
energy of hot electrons in Mn-doped CdS/ZnS QDs should still be a fraction of eV 
below the vacuum level, the observation of hot electron photoemission with the kinetic 
energy as high as ~0.4 eV indicates the broad energy spectrum of hot electrons. A wide 
spectral bandwidth of Mn ligand field transition (e.g., ~300 meV fwhm for 
4
T1
6
A1 
transition at ambient temperature)
188
, providing the excess energy in the upconversion 
process, should partially be responsible for the broad energy distribution of hot 
electrons.  
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Figure 36. a) Bias-dependent Jhot at the excitation intensity of 29 W/cm
2
 and the 
temperature of 292 K for sample A, B, and C. The error bar is smaller than the size of 
the marker if not indicated. b) Temperature-dependent Jhot of sample B and C measured 
from unbiased electrodes at the excitation intensity of 29 W/cm
2
.  c), d) Bias-dependent 
Jhot at different temperatures for sample B and C. Error bars are not shown for clarity. 
 
    In order to examine the effect of temperature on hot electron production, Jhot was 
measured in the temperature range of 78-325 K. In principle, temperature can affect both 
the energy and the production rate of hot electrons in a rather complex manner, since the 
bandgap and Mn ligand field transition energy as well as the rates of the processes 
involved in the upconversion vary with temperature. Therefore, temperature dependence 
of Jhot is expected to be more complex than in the case of thermionic emission of the 
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UV-excited hot electrons in semiconductor, where the thermal population of hot 
electrons are more readily predictable
189
. Figure 36b shows the temperature dependence 
of Jhot of sample B and C at the excitation intensity of 29 W/cm
2
 between the unbiased 
electrodes. The bias-dependent Jhot of sample B and C at different temperatures are also 
shown in Figure 36c-d. In Figure 36c, sample B exhibits no significant variation of Jhot 
with the change of temperature and sample C shows a non-monotonous dependence of 
Jhot on temperature while in increase noticeably above 250K. The weak temperature 
dependence of Jhot vs bias, especially at the negative biases, shown in Figure 4d indicates 
that the overall energy spectrum and the production rate of the hot electrons from 
upconversion in Mn-doped QDs are not strongly temperature-dependent within the 
temperature range of this study.   
    A unique potential of hot electrons from Mn-doped QDs, possessing much higher 
energy than the plasmonic hot electrons, is the possibility of creating the solvated 
electrons in solution that can open a new and efficient electron transfer pathway, in 
addition to the interfacial electron transfer occurring near the QD surface. When hot 
electrons are sufficiently energetic, they can be injected into the surrounding solvent 
medium and produce highly reductive solvated electrons, which can diffuse away from 
the QDs and perform the electron transfer in the bulk of the solution. The potential 
benefits of solvated electrons in photocatalysis, such as the reduction of CO2 or N2, has 
been demonstrated previously.
190,191
 However, photoexcitation of hot electrons capable 
of producing the solvated electrons typically requires high-intensity pulsed UV laser. In 
the case of CdSe quantum dots, two-photon excitation with fs pulses at 3 eV could 
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readily produce solvated electron in water
151
. In this respect, upconversion in Mn-doped 
QDs producing hot electrons capable of photoemission can be a more practical way to 
photogenerate the solvated electrons to benefit from the chemistry involving solvated 
electrons in various photoinduced chemical processes.  
6.4 Conclusion 
        In conclusion, our work demonstrates that energetic hot electrons capable of hot 
electron photoemission above the vacuum level can be generated via exciton-to-hot 
carrier upconversion in Mn-doped semiconductor quantum dots from weak cw bandgap 
excitation. The rapid energy transfer between exciton and Mn
2+
 ions and long lifetime of 
Mn
2+*
 enabled the production of energetic hot electrons via biphotonic upconversion 
under weak light intensity comparable to the concentrated solar radiation. Compared to 
the plasmonic hot electrons in metallic nanostructures, hot electrons from Mn-doped 
QDs carry much higher energy and can potentially produce the solvated electrons in 
solution phase, which can open a new photocatalytic pathway beyond the interfacial 
electron transfer taking advantage of the diffusible and longer-lived solvated electron. 
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CHAPTER VII  
PRECISE CONTROL OF QUANTUM CONFINEMENT IN CESIUM LEAD HALIDE 
PEROVSKITE QUANTUM DOTS VIA THERMODYNAMIC EQUILIBRIUM
*
 
7.1 Introduction 
        Perovskite nanocrystal has one important advantage is its high absorption cross 
section. The band edge absorption cross section is 5~10 times higher than CdSe or CdS. 
Such a good absorber will be a naturally a good candidate for hot electron generation 
material. Furthermore, Mn
2+
 doped nanocrystal synthesizing was already reported 
implying the potential of hot electron generating doped perovskite material.
124,192
 
However, currently only Mn doped CsPbCl3 nanocrystals were made with a relatively 
high Mn dopant luminescence. Mn doped CsPbBr3 was just being successfully made but 
with lower Mn dopant luminescence. Nevertheless, CsPbCl3 nanocrystals usually have a 
band edge around 3 eV. Since it will only absorb UV radiations and its quantum yield is 
generally low, CsPbCl3 is not a good choice to use solar radiation to generate hot 
electrons. For CsPbBr3, its small band gap limits the exciton to dopants energy transfer 
efficiency. Consequently, making quantum confined CsPbBr3 becomes a crucial process 
to make perovskite based hot electron generating material. Unfortunately, making high 
                                                 
*
 Reprinted with permission from Dong, yitong.; Qiao, Tian.; Kim, Doyun.; Parobek, 
David.; Rossi, Daniel. and Son, Dong Hee. Precise Control of Quantum Confinement in 
Cesium Lead Halide Perovsktie Quantum Dots via Thermodynamic Equilibrium. Nano 
Lett.2018, 18,3716. Copyright 2018 American Chemical Society. 
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quality, monodispersed small sized perovskite QDs kept being a challenge for a 
longtime.  
    Cesium lead halide (CsPbX3) perovskite nanocrystals have attracted much attention 
as a superior alternative to many existing semiconductor nanocrystals in photonic
118,193-
197
 and photovoltaic
198-200
 applications due to their excellent photophysical properties 
such as high photoluminescence quantum yields
52,110,111
 and large carrier diffusion 
lengths.
106
 In addition, highly labile halide ions in the lattice enable remarkably flexible 
modification of the nanocrystals’ bandgap and structure via facile anion 
exchange.
119,121,201,202
 However, the rapid growth rate in typical hot-injection synthesis 
conditions
52
 usually produces nanocubes of >~10 nm in size, well outside of the 
quantum confinement regime, that exhibit bulk-like properties. Efforts have been made 
recently to reduce the size of CsPbX3 nanocubes to quantum confinement regime 
producing the quantum dots (QDs), anticipating the similar benefits of confined exciton 
in well-developed II-VI and IV-VI QDs. For instance, the size of CsPbBr3 nanocubes 
could be reduced to ~4 nm by varying the ligand composition (oleic acid/oleylamine 
ratio) or the amount of oleylamine-HBr mixture in the reaction.
203,204
 However, the 
controllability and uniformity of the QD size were still insufficient with a limited ability 
to resolve the manifolds of size-dependent confined exciton transitions in the absorption 
spectra to the extent achieved in II-VI QDs. The challenge of producing CsPbX3 QDs 
with controlled size and high ensemble uniformity has been one of the major obstacles 
impeding the exploration and utilization of the properties of the strongly confined 
exciton in CsPbX3 QDs.  
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    Here, we report an unconventional yet highly effective method to tune the size of 
CsPbX3 QDs with very high ensemble uniformity based on thermodynamic equilibrium 
rather than the control of growth kinetics, a typical modality for the size control in most 
colloidal nanocrystal synthesis. We achieved the fine control of the QD size by 
exploiting the size-dependent stoichiometry of X
-
 in CsPbX3 QDs (higher X
-
 content in 
the smaller QDs) and the equilibrium of X
-
 between the QD and solution medium. While 
it is generally difficult to control the size of inorganic nanocrystals via thermodynamic 
equilibrium, we consider the highly labile nature of X
-
 in CsPbX3 enables utilizing the 
equilibrium for the size control. This is extremely useful since the burden of controlling 
the nucleation and growth kinetics to obtain size control and uniformity in conventional 
nanocrystal synthesis
46,205
 is relieved. While the present work focuses primarily on 
CsPbBr3, the same synthesis approach applies to the synthesis of CsPbX3 QDs for X=Cl, 
Br, I, indicating the universality of the thermodynamic equilibrium in CsPbX3 synthesis. 
Below, we demonstrate the capability of the new approach in controlling the size of 
CsPbX3 QDs in the quantum confinement regime with very high ensemble uniformity 
and present the evidence for the size control via thermodynamic equilibrium. 
7.2 Experimental Section 
7.2.1 Material Synthesis  
    The Cs-oleate precursor solution was prepared in a 50-mL three necked round 
bottomed flask by dissolving Cs2CO3 (0.25 g) in a mixture of oleic acid (OA, 0.8 g) and 
1-octadecene (ODE, 7 g) at 150 °C for >10 mins under N2 atmosphere on a Schlenk line. 
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The temperature of the Cs-oleate solution was maintained above 100 °C to avoid 
precipitation. The precursor solution of Pb and X (halide, X=Cl, Br) was prepared by 
dissolving PbX2 (75 mg for PbBr2) and a varying amount of ZnX2 (0-600 mg) in a 
mixture of ODE (5 mL), OA (2 mL) and oleylamine (OAm, 2 mL) in a 25-mL three 
necked round bottomed flask under N2 atmosphere at 120 °C for 10 min. For CsPbI3, the 
precursor solution of Pb and I was prepared by dissolving PbI2 (120 mg) and ZnI2 (0-
600mg) in a mixture of trioctylphosphine (TOP, 5mL), OA (1mL) and OAm (1mL) in a 
25-mL three-neck round-bottom flask under N2 atmosphere.  
        After setting the temperature of the precursor solution of Pb and X at a chosen 
reaction temperature, 0.4 mL of Cs precursor solution was injected to initiate the 
reaction. The reaction was quenched after a short period of time (10-180 s depending on 
the temperature in the range of 190-80 °C) by cooling the flask in an ice bath. The 
product was centrifuged at 3500 rpm to remove the unreacted salts as the precipitate and 
the quantum dots (QDs) dispersed in the supernatant were collected. The thorough 
removal of unreacted salts is necessary to obtain pure QDs and avoid the formation of 
side products (e.g., nanowires or nanoplatelets) during the subsequent purification step.  
Two different cleaning methods were used for the reactions conducted at high (140-190 
°C) and low temperatures (80-120 °C). For reactions conducted at higher temperatures 
(140-190 °C), less unreacted salts remained in solution from a greater reaction yield. In 
this case, ~8 mL of acetone was directly added into the supernatant to precipitate the QD 
followed by centrifuging at 3500 rpm for 3 mins. The precipitants were collected and 
dissolved in ~1 mL of hexane. For reactions conducted at lower temperatures (80-120 
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°C), larger amount of unreacted salt remained in the supernatant after centrifuging. In 
this case, the supernatant was left on the bench top under ambient conditions for ~ 2 
hours until the salts precipitated. Then the mixture was centrifuged again. This 
procedure could be repeated if necessary. When the supernatant remained clear, ~ 8 mL 
of acetone was slowly added until the mixture became turbid to avoid decomposition of 
the QD. Then the QD was centrifuged at 3500 rpm for 3 min and the precipitate was 
collected and dissolved in ~1 mL of hexane. 
 
7.2.2 Synthesis of CsPbBr3 QDs with CoBr2 
        The Cs-oleate precursor was made as described in the Experimental Section. The 
precursor solution of Pb and Br was prepared by dissolving PbBr2 (75 mg), CoBr2 (250 
mg) in a mixture of ODE (5 mL), OA (2 mL) and OAm (2 mL) in a 25-mL three necked 
round bottomed flask under N2 atmosphere at 120 °C for 1 min. Then the temperature 
was raised to 180 °C followed by a swift injection of 0.4 mL Cs-oleate precursor. The 
reaction was quenched with an ice bath after ~10 s. Purification of the obtained QD is 
the same as mentioned above.   
 
7.2.3 Effect of Zn
2+
 on Size Control 
        To determine whether the cation influenced the size of the QD, a control 
experiment was conducted at 160 ℃ with a non-halide Zn source. Keeping the 
concentration of Zn
2+
 the same, an equivalent amount of Zn(St)2 was used to replace 
ZnBr2.  
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7.2.4 Synthesis of CsPbBr3 QDs with HBr 
        The Cs-oleate precursor was made as described in the Experimental Section. The 
precursor solution of Pb and Br was prepared by dissolving PbBr2 (75 mg), 0.5 mL 
OAm, and 171 μL of HBr in a mixture of ODE (5 mL), OA (1 mL) and OAm (1 mL) in 
a 25-mL three necked round bottomed flask under N2 atmosphere at 120 °C for 1 min. 
Then the temperature was raised to 160 °C followed by a swift injection of 0.4 mL Cs-
oleate precursor. The reaction was quenched with an ice bath after ~10 s. Purification of 
the obtained QD is the same as mentioned above. The control experiment was conducted 
using propionic acid instead of HBr to protonate the OAm. 
 
7.2.5 Anion Exchange Reaction of CsPbBr3 QDs  
        The anion exchange reactions of CsPbBr3 QDs were performed by mixing the QD 
solution in hexane and ~0.3 mL of PbX2 precursor solution under vigorous stirring. PbX2 
(X=Cl, Br, I) precursors were prepared by adding 100 mg of PbX2 into 5 mL of ODE in 
a 25-mL three necked round bottom flask. After 10 min of vacuum drying at 120 °C, ~1 
mL (2.5 mL for PbCl2) of dried OA/OAm mixture was injected to dissolve the salt. The 
precursor solution was used after cooling down to room temperature. 
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7.2.6 Characterization 
    A fiberoptic-coupled CCD spectrometer (Ocean Optics, QE65pro) was used under 
the high-speed acquisition mode to collect time-dependent PL spectra. An optical fiber 
coupled with a collimating lens was placed close to the reaction flask collecting the PL 
from the top of the solution. The entire flask was illumined with a UV lamp (=375 nm) 
from above the flask while the reaction mixture was constantly stirred during the 
reaction.  
    The single-particle PL spectra of individual CsPbBr3 nanoparticle were obtained 
with a home-built wide-field microscope constructed with an image spectrograph 
(Princeton Instruments, Acton SpectraPro SP-2300) and an electron multiplying charge-
coupled device (EMCCD) (Princeton Instruments, ProEM 16002). For each QD sample, 
a highly diluted colloidal solution was drop casted onto a thin quartz plate and placed on 
top of a quartz prism using index-matching oil to excite the QDs via attenuated total 
reflection (ATR). The sample was excited at 405 nm with 10 nm bandwidth using a Xe-
lamp (Oriel Instrument, 300 W) in conjunction with a monochromator (Newport, Oriel 
Cornerstone 130). The PL from a well-separated single CsPbBr3 QD collected with the 
objective (Olympus, PLanFL N 40×) was projected on the narrow slit of the imaging 
spectrograph using a tube lens (Nikon) and sent to the EMCCD either as an image or as 
a dispersed spectrum. A detail on the instrument used for this measurement is described 
elsewhere
206
.   
        TEM images were obtained on a FEI Tecnai G2 F20 ST FE-TEM microscope at 
200 kV. Powder X-ray diffraction (XRD) data were collected using a Bruker-AXS 
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Venture IuS CMOS kappa X-ray diffractometer equipped with Cu IuS micro-focus X-
ray radiation and a kappa D8 goniometer. Elemental analysis was performed using 
inductively coupled plasma mass spectrometry (ICP-MS) (NexIon 300D) and the TEM 
described previously equipped for energy dispersive spectroscopy (EDS) to determine 
the amount of metal cations and halogen anions in all samples. From the difficulty in 
thoroughly removing all unreacted metal salts additional cleaning via gel permeation 
chromatography (GPC) was used to ensure accurate analysis
207
. Briefly, 4 g of 
poly(styrene-divinylbenzene) gel was soaked in toluene overnight and then packed into a 
column with toluene as the mobile phase. QD samples could also be cleaned by 
precipitating them with ethyl acetate.  The cleaned QDs were confirmed to show the 
same optical spectra before and after additional cleaning. 
 
7.2.7 Statistics 
        The size distribution of CsPbBr3 QDs was obtained by measuring the edge-to-edge 
lengths of the nanocubes in the TEM images. The edges of the QDs were determined 
from the half maximum of the peaks from the TEM line profile. The size of the 
nanocubes was obtained by averaging the two-dimensional edge-to-edge lengths for 
each cube. More than 100 particles were measured for each sample.   
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7.3 Results and Discussion 
 
Figure 37. Controlling the size of CsPbX3 QDs with high ensemble uniformity. a)-
d), Absorption and PL spectra of CsPbBr3 QDs of different sizes. The reaction condition 
(Br/Pb ratio and temperature) and the PL peak wavelengths (λPL) are indicated in each 
panel. The average size of the QDs, l, is a) 6.2 nm, b) 5.3 nm, c) 4.1 nm, and d) 3.7 nm. 
e)-h) (left), TEM images of the QDs corresponding to the optical spectra shown in a)-d). 
e)-h) (right), TEM images of CsPbBr3 QDs synthesized using without ZnBr2 as excess 
source of Br
-
 (i.e., Br/Pb=2) at the same reaction temperatures as in the left panels. In the 
case of h, Cs4PbBr6 was obtained instead of CsPbBr3. i)-l), Size distribution of CsPbBr3 
QDs produced using new (red) and previous (blue) methods shown in e)-h). m)-n), 
Absorption and PL spectra and TEM images of CsPbCl3 and CsPbI3 QDs with l of 4.8 
nm and 6.7 nm respectively. All scale bars are 20 nm. 
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Figure 37a-d shows the absorption and PL spectra of CsPbBr3 QDs of several different 
sizes synthesized using varying combinations of Br
-
 concentration ([Br
-
]), parametrized 
as Br/Pb ratio in the reactant for a fixed amount of Cs
+
 and Pb
2+
, and the reaction 
temperature (T). The corresponding representative TEM images of the QDs are shown 
on the left panels of Figure 37e-h. The QD size is a function of both Br/Pb ratio and the 
reaction temperature. At a fixed temperature, the QD size decreased with increasing 
Br/Pb ratio, simultaneously exhibiting the higher size uniformity with increasing Br/Pb 
ratio as will be discussed further later. At a fixed Br/Pb ratio, the QD size decreased with 
decreasing temperature. By choosing the appropriate combination of these two 
parameters, precise tuning of the QD size in the quantum-confined regime was achieved 
with high ensemble uniformity. The QDs exhibit not only the well-defined band-edge 
exciton transition peak but also the peaks from the higher-energy exciton transitions  
previously not readily resolvable in the absorption spectra.  The photoluminescence (PL) 
is also narrower than the earlier reports due to the high ensemble uniformity of the QD 
size.  For CsPbBr3, very Br
-
-rich (Br/Pb=10-25) condition was required to obtain good 
size control below ~7 nm exhibiting strong quantum confinement. In this work, ZnBr2 
was used as the source of excess Br
-
 to vary Br/Pb ratio, where Zn
2+
 remains as an inert 
bystander. In fact, other divalent metal bromide (e.g., CoBr2) can also provide the 
necessary Br
-
 and function similarly to ZnBr2 (Figure 38). Recently, the addition of HBr 
was also shown to have the effect of reducing the size while the ensemble heterogeneity 
remained, further corroborating the critical role of Br
-
. To rule out the possibility of 
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cations from MBr2 or organic ligands playing a critical role instead of Br
-
, the lack of 
size controllability from zinc stearate and additional protonated ligands was also 
confirmed (Figure 38). It is important to mention that varying the concentration of Cs
+
 or 
Pb
2+
 in the reaction mixture formed either Pb-deficient insulator phase or CsPbBr3 
nanocrystals in a non-confinement regime exhibiting no size controllability. 
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Figure 38. Comparison of the effects of Br
-
, Zn
2+
 and organic ligands on the size 
control. a) Absorption spectra of quantum confined CsPbBr3 QDs synthesized using 
excess Br
-
 with CoBr2 as the bromine source. The control sample was made without 
excess Br
-
 following a previously reported method.
52
 b), c) TEM images of QDs b) made 
with CoBr2 and c) control CsPbBr3 nanocrystals. Both scale bars are 20 nm. d) 
Absorption spectra of QD samples made with protonated OAm, ZnSt2, OAm-HBr, and 
ZnBr2. The protonated OAm and ZnSt2 both lack the ability to control the size and 
distribution of the synthesized QDs while the OAm-HBr and ZnBr2 show control over 
the size of the NC. This verifies that the cation is not the species responsible for 
controlling the size of the NC. The excess Br
- 
that is introduced into the reaction is 
responsible for controlling the size and distribution of the NC. 
 
    In TEM images of CsPbBr3 QDs (left panels of Figure 37e-h), highly regular cubic 
arrangement of QDs were observed due to their uniform size and shape. Additional TEM 
images viewing different areas and at different length scales provided in Figure 39 
showed superlattices formed by nanocubes, further demonstrating high size uniformity.  
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Figure 39. Extensive survey of TEM images of CsPbBr3 QDs showing ordered QDs 
and superlattices. a), b) TEM images of the superlattice formed by highly 
homogeneous 5.3 nm CsPbBr3 QDs with wide view of superlattices. c), d) Close view c) 
and wide view d) TEM images of another CsPbBr3 QD sample. These are the 
representative TEM images of all the QDs showing no sign of contamination from 
particles of other morphology such as nanoplatelets or nanowires.  All scale bars in 
insets are 50 nm. 
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Extensive survey of the TEM images found no sign of other morphologies, such as 
nanoplatelets, previously seen in the earlier syntheses of CsPbBr3 nanocubes as the 
minor byproduct. These minor contaminates are also identifiable in the absorption 
spectrum as an additional exciton peak, e.g., near 430 or 460 nm
52
 (Figure 40), if 
introduced deliberately.  
 
 
 
Figure 40. Comparison of the absorption spectra of pure QDs and QDs 
contaminated with nanoplatelets. Absorption spectra of CsPbBr3 QDs mixed with 
nanoplatelets (NPLs) (blue), pure CsPbBr3 NPLs (green) and pure QDs (red). 
 
To highlight the exquisite size control gained in the new approach and necessity of high 
Br/Pb ratio, TEM images of the nanocrystals synthesized without ZnBr2 (i.e., Br/Pb=2) 
at the same reaction temperatures are compared in the right panels of Figure 37e-h. The 
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size distribution of the QDs from these two syntheses are compared in Figure 37i-l, 
which clearly shows the drastic change in the size uniformity in the ensemble. The 
comparison of absorption spectra of QDs in these two syntheses is also made in Figure 
41.  
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Figure 41. Comparison of the optical spectra of CsPbX3 nanocrystals synthesized 
using new and previous methods at various temperatures. a)-c) Comparison of the 
absorption spectra of CsPbBr3 nanocrystals synthesized using the new method reported 
here utilizing the thermodynamic equilibrium under high Br/Pb ratio condition and 
without excess X
-
 at the same reaction temperature. d), e) Comparison of the absorption 
spectra of CsPbCl3 d) and CsPbI3 e) QDs synthesized with and without excess halide 
ions. 
 
Figure 37m, n show the absorption, PL spectra and TEM images of CsPbCl3 and CsPbI3 
QDs of one chosen size produced employing the same method as described above. 
Additional absorption spectra of CsPbCl3 and CsPbI3 QDs of varying sizes in the 
quantum confinement regime are in Figure 42.  
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Figure 42. Absorption spectra of CsPbCl3 and CsPbI3 QDs with size control 
achieved in this study. a) Absorption spectra of CsPbCl3 QDs of several different sizes. 
Peak wavelength for the exciton absorption (peak) is peak = 392 nm, 389 nm, and 385 
nm in decreasing order. b) Absorption spectra of CsPbI3 QDs of several different sizes. 
peak = 643 nm, 630 nm, and 611 nm in decreasing order. 
 
        The universal applicability of the same approach to three different halide perovskite 
QDs is another advantage of our method compared to other procedures. While the QDs 
of CsPbCl3 and CsPbI3 can also be obtained by anion exchange of CsPbBr3 QDs (Figure 
43), the direct synthesis is more convenient for producing the QDs in a large quantity 
without deterioration of the size uniformity. 
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Figure 43. Absorption spectrum of anion-exchanged QD. a) Absorption and b) PL 
spectra of anion-exchanged ~ 4 nm CsPbBr3 QDs with Cl
-
 and I
-
. 
 
 
 
Figure 44. Single-particle PL spectra of CsPbBr3 QDs. a), Comparison of the single-
particle (dot) and ensemble (dashed line) PL spectra of CsPbBr3 QDs of different sizes. 
The full width at half maximum (FWHM) of ensemble PL is 94 meV for 6.2 nm, 109 
meV for 5.3 nm, 117 meV for 4.1 nm, and 142 meV for 3.7 nm QDs respectively. b) and 
c), Single-particle PL spectra of four randomly selected CsPbBr3 QDs in b) 
monodisperse and c) polydisperse QD ensemble compared in Figure 37e. 
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        The high ensemble uniformity of the size of CsPbBr3 QDs is further demonstrated 
in the comparison of the ensemble and single-particle PL at room temperature for four 
different sizes, which are nearly indistinguishable from each other as shown in Figure 
44a. The full width at half maximum (FWHM) linewidths of the ensemble PL shown in 
Figure 44a are narrower (by 10-30 %) than those from the earlier measurements made on 
the QDs of similar average size synthesized in different ways or the QDs obtained via 
post-synthesis size selection. Figure 44b, c show multiple single-particle PL spectra of 
randomly chosen QDs belonging to the ensemble made with and without excess Br
-
, 
respectively. Additional single-particle spectra of the QDs used for Figure 44b are 
provided in Figure 45.  
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Figure 45. Additional single-particle PL spectra of 6.2 nm CsPbBr3 QDs.  
 
 
        The spectra in Figure 44b are nearly identical to each other consistent with high 
ensemble uniformity, which contrasts to Figure 44c exhibiting the variation of the PL 
peak position. While the present single-particle PL data still has statistical probability of 
observing more than one QD, Figure 44c shows our measurement's ability to clearly 
distinguish the QDs of different sizes in a heterogeneous ensemble. Despite such limit, 
the near-identical PL spectra in Figure 44b (and Figure 45) corroborate the very high 
ensemble uniformity of the QDs previously unachievable. 
     X-ray diffraction (XRD) patterns of several different sized CsPbBr3 QDs show 
nearly the same patterns as the larger CsPbBr3 nanocrystals synthesized in the absence of 
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ZnBr2 without noticeable peak shifts, while the peak broadens in the smaller QDs as 
expected (Figure 46). 
 
 
 
Figure 46. XRD patterns X-ray diffraction (XRD) patterns of CsPbBr3 QDs. The 
top pattern was obtained from the large CsPbBr3 nanocrystals synthesized in the absence 
of excess Br
-
 from ZnBr2. 
 
     Elemental analysis from ICP-Mass spectrometry and energy dispersive X-ray 
spectroscopy (EDS) indicated no sign of the incorporation of Zn
2+
 from ZnBr2 to the 
lattice beyond the detection limit of the measurement (Zn/Pb <1×10
-3
), setting an upper 
limit of <1 Zn
2+
 ion per QD. A previous study using Zn salts in hot injection synthesis 
condition also reported no incorporation of Zn
2+
 in their samples
208
, although it can be 
introduced into the lattice via long (>10 hours) cation exchange process
127
. These 
indicate that despite the presence of a large amount of ZnBr2 required to obtain good size 
control, the low probability of Zn
2+
 incorporation in CsPbX3 lattice under our hot-
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injection reaction conditions makes ZnBr2 a suitable source of extra Br
-
. The PL 
quantum yield (QYPL) of CsPbBr3 QDs was 80-95 % (Table 4) with PL lifetime in the 
range of 4-6 ns (Figure 47). These are significantly higher than QYPL of CsPbBr3 QDs 
prepared by varying the acid/base composition of ligands (30- 50%).
204
  
 
 
 
Figure 47. PL Lifetime of the QDs. PL lifetime of three different CsPbBr3 QDs with 
exciton absorption peak (λpeak) at 477 nm, 472 nm and 462 nm. The average PL lifetime 
is 4.6 ns, 5.9 ns and 4.9 ns respectively. 
 
    The absorption and PL spectra of these QDs in hexane solution stored in a vial 
contacting air at room temperature remained unchanged after 6 months demonstrating 
their high colloidal stability at ambient condition (Figure 48a).  QDs made in this work 
are also stable under long UV excitation by both cw (10 hours) and femtosecond pulsed 
lasers (6 hours), which is important for the reliable characterization of excitons in 
strongly confined QDs using both static and time-resolved spectroscopy. Comparison of 
the absorption spectra before and after the UV excitation, showing no noticeable spectral 
change, is provided in Figure 48b and c). 
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Figure 48. Stability of the QDs. a) Comparison of absorption spectra of 5.3 nm and 3.7 
nm CsPbBr3 QDs when they were freshly made and after storing for 6 months in hexane. 
Both of this two samples were exposed to air and kept at room temperature. b) 
Comparison of absorption spectra of 5.3 nm and 3.9 nm CsPbBr3 QDs before and after 
exposure to femtosecond UV excitation for 6 hours (=400 nm, 70 fs pulse width, 
40μW, 3kHz). c) Comparison of absorption spectra of 5.3 nm and 3.7 nm CsPbBr3 QDs 
before and after exposure to cw UV excitation for 10 hours (=405 nm, 10 mW) 
 
    While fully understanding the size control mechanism requires further experimental 
and theoretical studies, the observations made here suggests the thermodynamic 
equilibrium of Br
-
 between the QD lattice and solution medium is the key factor 
determining the QD size.  Evidence supporting this mechanism was obtained from the 
measurement of time-dependent PL under varying reaction conditions in conjunction 
with the negative correlation between the QD size and Br/Pb ratio in the reaction 
mixture. Figure 50a, b show contour plots of the time-dependent PL spectra of CsPbBr3 
QDs synthesized under two different reaction conditions indicated in each panel. The 
curve superimposed on each contour plot shows the time-dependence of the PL intensity 
(IPL) at the peak of the PL spectra (PL). Figure 50c, d show the corresponding time-
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dependent PL data compared with those from the reaction in the absence of excess Br
-
 
(i.e., Br/Pb=2). The redshifting time-dependent PL spectra during the early times, not 
clearly discernible in the contour plots, are provided in Figure 49.   
 
 
 
Figure 49. Time-dependent PL during the growth. Time-dependent PL spectra during 
the early phase of the reaction showing the growth of the QD that was not clearly visible 
in the contour plots of the time-dependent PL spectra shown in Figure 50 in the main 
text. a) T=100 °C, Br/Pb=10 and b) T=200 °C, Br/Pb=20. 
 
    Two important features observed in the time-dependent PL from both QDs are: (1) 
PL reaches the terminal value early during the reaction (~25 s and ~1 s for Figure 50a, c 
and Figure 50b, d respectively) and does not change further as the reaction continues 
when Br
-
 equilibrium at high Br/Pb ratio is invoked to control the QD size. This clearly 
contrasts to the behavior of PL at Br/Pb=2 that continues to redshift in the same time 
window. (2) IPL in Figure 50a, b continues to increase long after the terminal PL is 
reached until the reaction is quenched by rapid cooling. This indicates that the terminal 
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size is independent of the long-time growth kinetics, while the extended reaction time 
increases the number of QDs for the same terminal size. 
 
 
 
Figure 50. Time-dependent PL spectra during the synthesis of CsPbBr3 QDs. a) and 
b), Contour plots of the time-dependent PL during the synthesis of CsPbBr3 QDs under 
two different reaction conditions, a), T=100 C, Br/Pb=10, b), T=200 C, Br/Pb=20. c) 
and d), Comparison of the time-dependent λPL during the reaction c at T=100 C for 
Br/Pb=10 and 2, d at T=200 C for Pb/Br=20 and 2. e) and f), Comparison of the 
absorption and PL spectra of CsPbBr3 QDs synthesized using different e quenching time 
(tq) and f duration of Cs precursor injection (tinj). All the reactions in e and f were 
performed at T=160 C with Br/Pb=10, producing the QDs with λPL=492 nm. 
 
Figure 50e, f clearly show the independence of the absorption and PL spectra of 
CsPbBr3 QDs on both the quenching time and the Cs precursor injection rate to the 
reactant mixture. Figure 50e compares the absorption and PL spectra of CsPbBr3 QDs 
with different quenching time (tq=5 s and 50 s), with swift (≪1 s) injection of Cs 
precursor for the reaction at 160 C and with Br/Pb=10. The terminal PL of 492 nm is 
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reached at <5 s under this condition and the optical spectra of the QDs are independent 
of the overall reaction time after 5 s. Figure 50f compares the absorption and PL spectra 
of CsPbBr3 QDs produced under the same reaction condition as in Figure 50e, while 
using two different time periods over which the same amount of Cs precursor was 
injected (tinj ≪1 s and 4 s). Both reactions were quenched at 50 s to recover the produced 
QDs. Despite the different nucleation kinetics anticipated by the different rates of adding 
Cs precursor to the reaction mixture, the QDs exhibit the identical optical spectra 
indicating the same size. For this reason, the size and the optical spectra of the QDs are 
very reproducible in different batches of synthesis if the amount of reactants and reaction 
temperatures are kept the same.  
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Figure 51. Size control via thermodynamic equilibrium in CsPbBr3 QDs. a), 
Dependence of the QD size on Br/Pb ratio in the reactant and the reaction temperature. 
b), A simple model illustrating the determination of the QD size via equilibrium of Br
-
 
between the QD lattice and solution medium. The QD size (l) for a given Br
-
 
concentration ([Br
-
]) and temperature (T) is determined where the chemical potentials of 
Br
-
 in the QD (
𝑩𝒓−,𝑸𝑫
, series of grey horizontal lines for different l) and in solution 
phase (
𝑩𝒓−,𝒔𝒐𝒍
, black curve) become equal.   
 
    A qualitative insight into the role of Br
-
 equilibrium in controlling the size of 
CsPbBr3 QDs can be obtained from the negative correlation between the QD size and 
[Br
-
] in the reactant mixture. An earlier study suggested that the outermost layer of the 
nanocrystal possess the composition of PbBr4
113
, which would result in a higher relative 
Br
-
 content with decreasing size. The generally increasing stoichiometric Br/Pb ratio 
with decreasing QD size is confirmed by the elemental analysis as shown in Table 1. 
Since Br
-
 is the most labile species of CsPbBr3 diffusing with a low kinetic barrier within 
the lattice, the QD size would be the most susceptible to the variation of Br
-
 equilibrium 
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between the QD and solution medium. Systematic decrease of the QD size with 
increasing [Br
-
], parameterized as the Br/Pb ratio in the reactant, at a given temperature 
is clearly seen in Figure 51a. The increasing size uniformity with increasing Br/Pb ratio 
is also apparent in the series of TEM images in Figure 51a. For a given Br/Pb ratio, the 
QD size increases with increasing temperature. The absorption spectra of CsPbBr3 QDs 
corresponding to the variation of each parameter are in Figure 52.  
 
 
 
Figure 52. Additional absorption spectra of CsPbBr3 QDs. Dependence of the 
absorption spectra of CsPbBr3 QDs on Br/Pb ratio in the reactant at a fixed reaction 
temperature (ⅰ-ⅳ) and on the reaction temperature at a fixed Br/Pb ratio in the reactant 
(ⅴ-ⅶ). 
 
    Here, we propose a simplified model based on Br
-
 equilibrium between the QD 
lattice and solution medium, consistent with the observed negative correlation between 
the QD size and Br/Pb ratio (or [Br
-
]) and the higher size uniformity at the higher Br/Pb 
ratio (or [Br
-
]). In this model, the control of the QD size (l) with Br/Pb ratio can be 
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viewed as satisfying the following equilibrium condition at the given [Br
-
] and T as 
illustrated in Figure 51b. 
       
𝐵𝑟−,𝑠𝑜𝑙
([Br−], T) =⁡
𝐵𝑟−,𝑄𝐷
(𝑙, T)               (7) 

𝐵𝑟−,𝑠𝑜𝑙
⁡is the chemical potential of Br- in solution medium and 
𝐵𝑟−,𝑄𝐷
⁡is the chemical 
potential of Br
-
 in the lattice of QD. 
𝐵𝑟−,𝑠𝑜𝑙
 should increase approximately 
logarithmically with [Br
-
] following 
𝐵𝑟−,𝑠𝑜𝑙
=
𝐵𝑟−,𝑠𝑜𝑙
° + RT⁡𝑙𝑛([Br−]), where 
𝐵𝑟−,𝑠𝑜𝑙
° , 
R, and  are the chemical potential at standard state, gas constant and activity coefficient 
respectively. 
𝐵𝑟−,𝑄𝐷
(𝑙, T) is represented by the series of horizontal lines for different 
values of l. 
𝐵𝑟−,𝑄𝐷
⁡(𝑙, T) is smaller for the larger l, since the Br- composition in QD 
decreases with increasing size due to the Br
-
-rich surface relative to the interior. 

𝐵𝑟−,𝑄𝐷
⁡(𝑙, T)  is also expected to show the stronger dependence on l for the smaller l 
due to the higher surface/volume ratio for the smaller QDs. The uneven variation of 

𝐵𝑟−,𝑄𝐷
⁡(𝑙, T)⁡⁡with l is shown as the varying spacing between the two adjacent 
horizontal lines with the same increment of l (l) in Figure 51b. The negative correlation 
between the QD size and [Br
-
] can be readily understood from the two circled areas in 
Figure 51b that indicate the regions of l satisfying the equilibrium condition expressed 
by Eq. (7) for the low and high [Br
-
] conditions at a given T. The higher QD size 
uniformity at the higher [Br
-
] can also be explained by the smaller range of l satisfying 
Eq. (7) at the higher [Br
-
] condition for a small arbitrarily chosen width of [Br
-
] 
represented by the vertical bar in orange color. The decreasing QD size with decreasing 
T for a given [Br
-
] could be phenomenologically described as the result of downward 
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shift of the horizontal lines representing 
𝐵𝑟−,𝑄𝐷
⁡with decreasing T, in addition to the 
variation of 
𝐵𝑟−,𝑠𝑜𝑙
 with T. However, a more complete and microscopic understanding 
of all aspects of the size control and uniformity will require a more elaborate model, 
which is beyond the scope of this study.  
        Apparently, the equilibrium is operating at the reaction temperatures of this study 
(100-200 C) determining the QD size. However, rapid cooling to room temperature 
seems to provide a sufficient energy barrier to keep the QDs stable without further 
change in size under ambient condition and even under UV excitation for a reasonably 
long period as discussed earlier. It is also worth pointing out that the relatively low 
structural stability of CsPbX3 QDs under harsh environment compared to other QDs 
such as CdSe, presumably due partially to the high halide mobility, is dramatically 
improved by utilizing halide equilibrium. For instance, while CsPbBr3 QDs disintegrate 
when put into the heated solution (ODE at 140 C), addition of extra Br- from ZnBr2 in 
the solution prevents the disintegration of the QDs (Figure 53). In contrast,  the addition 
of zinc stearate did not prevent dissolution of the QDs, indicating that it is Br
-
 not Zn
2+
 
that prevents the dissolution. This suggests that one could improve the stability of 
CsPbX3 QDs in their application by providing the surrounding environment rich in their 
respective halide.   
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Figure 53. Comparison of the effects of Br
-
 and Zn
2+
 on high-temperature stability. 
Absorption spectra of the initial CsPbBr3 QDs (blue) and the same QD sample 
redispersed in ODE containing ZnBr2 and OA/OAm mixture after heating at 140 ℃ for 
5 mins (red). In the absence of ZnBr2 in ODE, CsPbBr3 QDs disintegrate completely 
forming a colorless solution upon heating (yellow). Adding zinc stearate does not 
improve the high-temperature stability of the QDs (green). Adding Cs2CO3 and Pb(Ac)2 
as the source of extra Cs
+
 and Pb
2+
 results in QD degradation.   
 
7.4 Conclusion 
    We report a unique synthetic approach producing CsPbX3 QDs with precisely 
controlled size and high ensemble uniformity utilizing thermodynamic equilibrium 
instead of the kinetic control. The size of the QDs was controlled by varying only the 
Br/Pb ratio in the reactant and the reaction temperature, while being completely 
insensitive to the nucleation and growth kinetics. QDs virtually free from the 
heterogeneous broadening in their room-temperature PL spectra were obtained in a 
broad spectral range thanks to the superb ensemble uniformity of the size. The ability to 
produce precisely size-controlled CsPbX3 QDs with near-perfect spectroscopic 
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homogeneity will enable the understanding and practical application of the quantum-
confined exciton in this new family of QDs. 
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CHAPTER VIII  
SUMMARY 
8.1 Energy Transfer from Excited Mn Dopant to RGO 
       Both QDs and RGO were widely used in photocatalytic chemistry reactions. RGO 
was known to be able to extract electrons from photo sensitizer just like noble metal. 
However, both energy transfer and charge transfer can happen between sensitizer and 
RGO. To enable efficient photocatalysis, the dynamics of energy transfer has to be 
studied. By applying Mn-doped QD (QDMn) as special sensitizer to probe the energy 
transfer dynamics, the dependence of the energy transfer rate on the content of sp
2
-
hybridized carbon atoms in the hybrid structures of reduced graphene oxide (RGO) 
QDMn was investigated. Taking advantage of the sensitivity of QDMn’s dopant 
luminescence lifetime only to the energy transfer process without interference from the 
charge transfer process, the correlation between the sp
2
 carbon content in RGO and the 
rate of energy transfer from QDMn to RGO was obtained. The rate of energy transfer 
showed a strongly superlinear increase with increasing sp
2
 carbon content in RGO, 
suggesting the possible cooperative behavior of sp
2
 carbon domains in the energy 
transfer process as the sp
2
 carbon content increases. 
        This is related to the structural evolution of RGO when it is being reduced. When 
GO starts to be reduced, small sp
2
 carbon domains will be formed. With further 
reduction, small domains will connect with each other and form a large sp
2
 carbon 
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network. The electronic density of the state for the accepting transitions will be suddenly 
increased, enhancing the capacity as the energy acceptor.  
The very unique property of Mn doped QDs makes them a specific good probe for 
studying energy transfer process. The excited Mn dopant is very localized in the 
nanocrystal so the Mn luminescence is very inert to the surrounding chemical 
environment. This makes energy transfer to RGO the only extra way to depopulating 
excited Mn dopants other than existing radiative and nonradiative pass ways. Therefore, 
such probe can be applied to study other charge acceptors to study the energy transfer 
process.     
8.2 Hot Electron Enhanced Photocatalysis 
        We show that hot electrons exhibiting the enhanced photocatalytic activity in H2 
production reaction can be efficiently generated in Mn-doped quantum dots via the 
‘upconversion’ of the energy of two excitons into the hot charge carriers. The sequential 
two-photon-induced process with the long-lived Mn excited state serving as the 
intermediate state is considered as the pathway generating hot electrons. H2 production 
rate from doped quantum dots is significantly higher than that from undoped quantum 
dots and also exhibited the quadratic increase with the light intensity, demonstrating the 
effectiveness of the hot electrons produced in doped quantum dots in photocatalytic 
reaction. Due to the very long lifetime of Mn excited state (~6 ms) in the doped quantum 
dots, the sequential two-photon excitation requires relatively low excitation rates readily 
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achievable with a moderately concentrated solar radiation, demonstrating their potential 
as an efficient source of hot electrons operating at low excitation intensities. 
 
8.3 Non-plasmonic Hot Electronic Photocurrent from Mn-doped Quantum Dots in 
Photoelectrochemical Cell 
        We report the measurement of hot electron current in a photoelectrochemical cell 
constructed from a glass/ITO/Al2O3 electrode coated with Mn-doped quantum dots, 
where hot electrons with a large excess kinetic energy were produced via upconversion 
of the excitons into hot electron hole pairs under photoexcitation at 3 eV. We already 
demonstrated the hot electron generation in Mn-doped II-VI semiconductor quantum 
dots and its usefulness in photocatalytic H2 production reaction taking advantage of 
more efficient charge transfer of hot electrons compared to band edge electrons. Here, 
we show that hot electrons produced in Mn-doped CdS/ZnS quantum dots possess 
sufficient kinetic energy that can overcome the energy barrier from 5.4-7.5 nm thick 
Al2O3 layer producing a hot electron current in photoelectrochemical cell. This work 
demonstrates the possibility of harvesting hot electrons not only at the interface of the 
doped quantum dot surface but also far away from it taking advantage of hot electron's 
capability for long-range electron transfer across a thick energy barrier. 
 
 143 
 
8.4 Photoemission of Energetic Hot Electrons Produced via Upconversion in Doped 
Quantum Dots 
        The benefits of the hot electrons from semiconductor nanostructures in 
photocatalysis or photovoltaics result from their higher energy compared to the 
bandedge electrons facilitating the electron transfer process. The production of high-
energy hot electrons usually requires short-wavelength UV or intense multiphoton 
visible excitation. Here, we show that highly energetic hot electrons capable of above-
threshold ionization are produced via exciton-to-hot carrier upconversion in Mn-doped 
quantum dots under weak bandgap excitation (~10 W/cm
2
) achievable with the 
concentrated solar radiation. The energy of hot electrons is as high as ~0.4 eV above the 
vacuum level, much greater than those observed in other semiconductor or plasmonic 
metal nanostructures, capable of performing energetically and kinetically more 
challenging electron transfer. Furthermore, the prospect of generating solvated electron 
is unique for the energetic hot electrons from upconversion, which can open a new door 
for the long-range electron transfer beyond the short-range interfacial electron transfer. 
8.5 Precise Control of Quantum Confinement in Cesium Lead Perovskite Quantum Dots 
via Thermodynamic Equilibrium 
        Cesium lead halide (CsPbX3) nanocrystals have emerged as a new family of 
materials that can outperform the existing semiconductor nanocrystals due to their 
superb optical and charge transport properties. However, the lack of a robust method to 
produce quantum dots with controlled size and high ensemble uniformity has been one 
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of the major obstacles in exploring the useful properties of excitons in 0-dimensional 
nanostructure of CsPbX3. Here, we report a new synthesis approach enabling the precise 
control of the size based on the equilibrium rather than kinetics, producing CsPbX3 
quantum dots nearly free of heterogeneous broadening in their exciton luminescence. 
The high level of size control and ensemble uniformity achieved here will open the door 
to harnessing the benefits of excitons in CsPbX3 quantum dots for photonic and energy-
harvesting applications. 
8.6 Future Works 
        Hot electrons from plasmonic nanoparticles with a high kinetic energy have been 
applied to photocatalytic reaction for decades. We have successfully developed a 
semiconductor nanocrystal based on hot electron generation from Mn dopants 
facilitating back energy transfer to the conduction band electrons. Given that the non-
plasmonic hot electron generated from Mn doped quantum dots possess higher extra 
kinetic energy than plasmonic hot electrons, it could potentially be a very useful catalyst 
for some reactions that are very energy expensive. One particular interesting reaction is 
nitrogen reduction. This is an important topic since denitrification is currently only 
efficient within biosystems. Besides mimicking the biosystem and trying to make 
catalyst that can lower the activation barrier of nitrogen triple bond breaking, 
photocatalytic reactions were also used. Nanocrystal of diamond, having the conduction 
band located above the vacuum level, were used to inject electrons into solution 
generating solvated electrons under UV excitation.   The solvated electron could reduce 
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nitrogen dissolved in water. However, there are two major limitations for this design. 
The first is the excitation of the nano-diamond with far UV light (~ 200 nm) not easily 
obtainable from solar radiation. Second,  the nano-diamond must be hydrogen 
terminated to maintain the high conduction band. The hot electron generated from the 
Mn doped quantum dot could be a powerful alternative to produce solvated electrons.  
        However, from previous works we learned that the hot electron from Mn doped QD 
could possess extra kinetic energy higher than vacuum but with a relatively low yield. 
One possible reason for that is the short lifetime of the band edge electron. Because the 
back energy transfer from excited Mn dopants will need a band edge electron, long band 
edge electron lifetime will dramatically enhance the hot electron generation efficiency. 
Here we proposed another dopant, copper, to manipulate exciton behavior in 
semiconductor QDs. As introduced in Chapter I, Cu dopants could trap the hole from the 
exciton very rapidly thus leaving the electron on conduction band edge for a very long 
time (~ μs). Therefore, making Cu, Mn co-doped QD could keep the band edge electron 
and excited Mn dopants for a much longer time in QDs. Furthermore, by removing the 
hole from the exciton, both excited Mn dopants and hole wavefunctions are well 
localized. Consequently, back energy transfer to the hole will be suppressed.  
        One big challenge is to synthesize co-doped QD of an optimized structure. First, Cu 
hole trapping time and Mn energy transfer time are on similar time scales (~ 25-200 ps). 
Therefore, the doping concentration of  both dopants have to be balanced very well to 
make sure the exciton is not totally consumed by one single species. Second, making 
core-shell copper doped QD is generally difficult due to dopants loss during the coating 
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process. Our group has successfully synthesized several batches of co-doped QD and 
tested its hot electron generation under moderate excitations. We found that the hot 
electron generation efficiency is enhanced up to 100 times. This preliminary data proved 
that the hot electron production can be controlled by changing structures of QDs. This is 
very promising for solvated electron generation. Our next goal will be to use engineered 
QD structure to produce solvated electron with moderately concentrated solar radiation 
and enhancing photocatalytic nitrogen reduction reaction. However, it is worth to 
mention that the absolute kinetic energy of hot electrons from co-doped QD is smaller 
than that of pure Mn doped QD. Understanding the mechanisms of hot electron 
generation is still necessary in the future.  
        Looking for another host material for hot electron generation is as equally 
important as structural tuning. Perovskite nanocrystals showing fascinating optical 
properties is one of our best choices. Our group has already made Mn doped CsPbCl3 
and CsPbBr3 nanocrystals. The next step will be doping Mn in strongly quantum 
confined perovskite QDs. In Chapter VII, precisely controlling quantum confinement 
and the shape of perovskite QDs was realized. Doping the perovskite QDs with Mn will 
potentially enhance hot electron generation efficiency from its higher absorption cross 
section. Our group also has preliminary data on hot electron generation from Mn doped 
perovskite nanocrystals. The result shows lower hot electron generation efficiency than 
that of Mn doped QD. This could be potentially fixed by doping Mn in perovskite QDs.  
        The capability to make highly monodipersed, stable, and strongly quantum 
confined perovskite QDs enabled us to study the confined exciton behavior that was 
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elusive due to the ensemble inhomogeneity of size, shape, and even phase. Single 
particle studies will be needed to see the fine structure of strongly confined exciton in 
perovskite QDs. Our group already used ultra-fast spectroscopy to observe very unusual 
bi-exciton behavior in strongly confined perovskite QDs. Additionally, the highly 
consistent particle size and shape enabled large super lattice formation. This could 
enable plenty of applications like that from QD solids. In terms of applications, LED and 
optoelectronic devices could be made of perovskite QDs as well. Since strongly confined 
exciton in perovskite is still a relatively blank area now, all works discussed above could 
potentially make nanomaterials more and more attractive in the near future.               
 
 
 
     
 
 
 
 
 148 
 
REFERENCES 
(1) Brongersma, M. L.; Halas, N. J.; Nordlander, P. Nat. Nanotechnol. 2015, 10, 25. 
(2) Clavero, C. Nat. Photonics 2014, 8, 95. 
(3) Knight, M. W.; Sobhani, H.; Nordlander, P.; Halas, N. J. Science 2011, 332, 702. 
(4) Tisdale, W. A.; Williams, K. J.; Timp, B. A.; Norris, D. J.; Aydil, E. S.; Zhu, X.          
Y. Science 2010, 328, 1543. 
(5) Williams, K. J.; Nelson, C. A.; Yan, X.; Li, L. S.; Zhu, X. Y. Acs Nano 2013, 7, 
1388. 
(6) Pandey, A.; Guyot-Sionnest, P. J. Phys. Chem. Lett. 2010, 1, 45. 
(7) Nozik, A. J. Annu. Rev. Phys. Chem. 2001, 52, 193. 
(8) Tvrdy, K.; Frantsuzov, P. A.; Kamat, P. V. Proc. Natl. Acad. Sci. U.S.A. 2011, 
108, 29. 
(9) Pandey, A.; Guyot-Sionnest, P. J. Phys. Chem. Lett. 2010, 1, 45. 
(10) Furube, A.; Du, L.; Hara, K.; Katoh, R.; Tachiya, M. J. Am. Chem. Soc. 2007, 
129, 14852. 
(11) Wang, F. M.; Melosh, N. A. Nano Lett. 2011, 11, 5426. 
(12) Wu, K.; Rodriguez-Cordoba, W. E.; Yang, Y.; Lian, T. Nano Lett. 2013, 13, 
5255. 
(13) Mukherjee, S.; Libisch, F.; Large, N.; Neumann, O.; Brown, L. V.; Cheng, J.; 
Lassiter, J. B.; Carter, E. A.; Nordlander, P.; Halas, N. J. Nano Lett. 2013, 13, 
240. 
 149 
 
(14) Mukherjee, S.; Zhou, L. A.; Goodman, A. M.; Large, N.; Ayala-Orozco, C.; 
Zhang, Y.; Nordlander, P.; Halas, N. J. J. Am. Chem. Soc. 2014, 136, 64. 
(15) Murdoch, M.; Waterhouse, G. I. N.; Nadeem, M. A.; Metson, J. B.; Keane, M. 
A.; Howe, R. F.; Llorca, J.; Idriss, H. Nat. Chem. 2011, 3, 489. 
(16) Osterloh, F. E. Chem. Soc. Rev. 2013, 42, 2294. 
(17) Baffou, G.; Quidant, R. Chem. Soc. Rev. 2014, 43, 3898. 
(18) Reineck, P.; Brick, D.; Mulvaney, P.; Bach, U. J. Phys. Chem. Lett. 2016, 7, 
4137. 
(19) Ueno, K.; Oshikiri, T.; Sun, Q.; Shi, X.; Misawa, H. Chem. Rev. 2017. 
(20) Mubeen, S.; Hernandez-Sosa, G.; Moses, D.; Lee, J.; Moskovits, M. Nano Lett. 
2011, 11, 5548. 
(21) Sil, D.; Gilroy, K. D.; Niaux, A.; Boulesbaa, A.; Neretina, S.; Borguet, E. Acs 
Nano 2014, 8, 7755. 
(22) Chen, H. M.; Chen, C. K.; Chen, C.-J.; Cheng, L.-C.; Wu, P. C.; Cheng, B. H.; 
Ho, Y. Z.; Tseng, M. L.; Hsu, Y.-Y.; Chan, T.-S.; Lee, J.-F.; Liu, R.-S.; Tsai, D. 
P. ACS Nano 2012, 6, 7362. 
(23) Dong, Y.; Choi, J.; Jeong, H.-K.; Son, D. H. J. Am. Chem. Soc. 2015, 137, 5549. 
(24) Zhang, Y.; He, S.; Guo, W.; Hu, Y.; Huang, J.; Mulcahy, J. R.; Wei, W. D. 
Chem. Rev. 2017. 
(25) Norris, D. J.; Efros, A. L.; Erwin, S. C. Science 2008, 319, 1776. 
(26) Erwin, S. C.; Zu, L.; Haftel, M. I.; Efros, A. L.; Kennedy, T. A.; Norris, D. J. 
Nature 2005, 436, 91. 
 150 
 
(27) Beaulac, R.; Schneider, L.; Archer, P. I.; Bacher, G.; Gamelin, D. R. Science 
2009, 325, 973. 
(28) Mocatta, D.; Cohen, G.; Schattner, J.; Millo, O.; Rabani, E.; Banin, U. Science 
2011, 332, 77. 
(29) Chen, H. Y.; Maiti, S.; Son, D. H. Acs Nano 2012, 6, 583. 
(30) Nelson, H. D.; Bradshaw, L. R.; Barrows, C. J.; Vlaskin, V. A.; Gamelin, D. R. 
ACS Nano 2015, 9, 11177. 
(31) Bradshaw, L. R.; Hauser, A.; McLaurin, E. J.; Gamelin, D. R. J. Phys. Chem. C 
2012, 116, 9300. 
(32) Jawaid, A. M.; Chattopadhyay, S.; Wink, D. J.; Page, L. E.; Snee, P. T. ACS 
Nano 2013, 7, 3190. 
(33) Whitham, P. J.; Knowles, K. E.; Reid, P. J.; Gamelin, D. R. Nano Lett. 2015, 15, 
4045. 
(34) Hughes, K. E.; Hartstein, K. H.; Gamelin, D. R. ACS Nano 2018, 12, 718. 
(35) Knowles, K. E.; Hartstein, K. H.; Kilburn, T. B.; Marchioro, A.; Nelson, H. D.; 
Whitham, P. J.; Gamelin, D. R. Chem. Rev. 2016, 116, 10820. 
(36) Talapin, D. V.; Lee, J.-S.; Kovalenko, M. V.; Shevchenko, E. V. Chem. Rev. 
2010, 110, 389. 
(37) McDonald, S. A.; Konstantatos, G.; Zhang, S.; Cyr, P. W.; Klem, E. J. D.; 
Levina, L.; Sargent, E. H. Nat. Mater. 2005, 4, 138. 
(38) Talapin, D. V.; Murray, C. B. Science 2005, 310, 86. 
 151 
 
(39) Dai, X.; Zhang, Z.; Jin, Y.; Niu, Y.; Cao, H.; Liang, X.; Chen, L.; Wang, J.; 
Peng, X. Nature 2014, 515, 96. 
(40) Kagan, C. R.; Lifshitz, E.; Sargent, E. H.; Talapin, D. V. Science 2016, 353. 
(41) Kamat, P. V. J. Phys. Chem. C 2008, 112, 18737. 
(42) Robel, I.; Subramanian, V.; Kuno, M.; Kamat, P. V. J. Am. Chem. Soc. 2006, 
128, 2385. 
(43) Murray, C. B.; Norris, D. J.; Bawendi, M. G. J. Am. Chem. Soc. 1993, 115, 8706. 
(44) LaMer, V. K.; Dinegar, R. H. J. Am. Chem. Soc. 1950, 72, 4847. 
(45) Mer, V. K. L. Ind. Eng. Chem. 1952, 44, 1270. 
(46) Park, J.; Joo, J.; Kwon, S. G.; Jang, Y.; Hyeon, T. Angew. Chem. Int. Ed. 2007, 
46, 4630. 
(47) Jana, N. R.; Peng, X. J. Am. Chem. Soc. 2003, 125, 14280. 
(48) Talapin, D. V.; Rogach, A. L.; Kornowski, A.; Haase, M.; Weller, H. Nano Lett. 
2001, 1, 207.  
(49) Park, J.; An, K.; Hwang, Y.; Park, J.-G.; Noh, H.-J.; Kim, J.-Y.; Park, J.-H.; 
Hwang, N.-M.; Hyeon, T. Nat. Mater. 2004, 3, 891. 
(50) Williamson, C. B.; Nevers, D. R.; Hanrath, T.; Robinson, R. D. J. Am. Chem. 
Soc. 2015, 137, 15843. 
(51) Hambrock, J.; Becker, R.; Birkner, A.; Wei; Fischer, R. A. Chem. Commun. 
2002, 68. 
(52) Protesescu, L.; Yakunin, S.; Bodnarchuk, M. I.; Krieg, F.; Caputo, R.; Hendon, 
C. H.; Yang, R. X.; Walsh, A.; Kovalenko, M. V. Nano Lett. 2015, 15, 3692. 
 152 
 
(53) Reiss, H. J. Chem. Phys. 1951, 19, 482. 
(54) Coey, J. M. D.; Venkatesan, M.; Fitzgerald, C. B. Nat. Mater. 2005, 4, 173. 
(55) Bhargava, R. N.; Gallagher, D.; Hong, X.; Nurmikko, A. Phys. Rev. Lett. 1994, 
72, 416.  
(56) Mikulec, F. V.; Kuno, M.; Bennati, M.; Hall, D. A.; Griffin, R. G.; Bawendi, M. 
G. J. Am. Chem. Soc. 2000, 122, 2532. 
(57) Norris, D. J.; Yao, N.; Charnock, F. T.; Kennedy, T. A. Nano Lett. 2001, 1, 3. 
(58) Pradhan, N.; Goorskey, D.; Thessing, J.; Peng, X. J. Am. Chem. Soc. 2005, 127, 
17586. 
(59) Yang, Y.; Chen, O.; Angerhofer, A.; Cao, Y. C. J. Am. Chem. Soc. 2006, 128, 
12428. 
(60) Chen, H.-Y.; Chen, T.-Y.; Son, D. H. J. Phys. Chem. C 2010, 114, 4418. 
(61) Hsia, C. H.; Wuttig, A.; Yang, H. Acs Nano 2011, 5, 9511. 
(62) Srivastava, B. B.; Jana, S.; Karan, N. S.; Paria, S.; Jana, N. R.; Sarma, D. D.; 
Pradhan, N. J. Phys. Chem. Lett. 2010, 1, 1454. 
(63) Zeng, R.; Rutherford, M.; Xie, R.; Zou, B.; Peng, X. Chem. Mater. 2010, 22, 
2107. 
(64) Son, D. H.; Hughes, S. M.; Yin, Y.; Paul Alivisatos, A. Science 2004, 306, 1009. 
(65) Eilers, J.; Groeneveld, E.; de Mello Donegá, C.; Meijerink, A. J. Phys. Chem. 
Lett. 2012, 3, 1663. 
(66) Stankovich, S.; Dikin, D. A.; Dommett, G. H. B.; Kohlhaas, K. M.; Zimney, E. 
J.; Stach, E. A.; Piner, R. D.; Nguyen, S. T.; Ruoff, R. S. Nature 2006, 442, 282. 
 153 
 
(67) Geim, A. K.; Novoselov, K. S. Nat. Mater. 2007, 6, 183. 
(68) Castro Neto, A. H.; Guinea, F.; Peres, N. M. R.; Novoselov, K. S.; Geim, A. K. 
Rev. Mod. Phys. 2009, 81, 109. 
(69) Falkovsky, L. A. J. Phys. Conf. Ser. 2008, 129, 012004. 
(70) Dreyer, D. R.; Park, S.; Bielawski, C. W.; Ruoff, R. S. Chem. Soc. Rev. 2010, 39, 
228. 
(71) Dai, L. Acc. Chem. Res. 2013, 46, 31. 
(72) Ekimov, A. I.; Hache, F.; Schanne-Klein, M. C.; Ricard, D.; Flytzanis, C.; 
Kudryavtsev, I. A.; Yazeva, T. V.; Rodina, A. V.; Efros, A. L. J. Opt. Soc. Am. 
1993, 10, 100. 
(73) Norris, D. J.; Bawendi, M. G. Phys. Rev. B 1996, 53, 16338. 
(74) Kambhampati, P. J. Phys. Chem. C 2011, 115, 22089. 
(75) Klimov, V. I. The Journal of Physical Chemistry B 2000, 104, 6112. 
(76) Guyot-Sionnest, P.; Shim, M.; Matranga, C.; Hines, M. Phys. Rev. B 1999, 60, 
R2181. 
(77) Burda, C.; Chen, X.; Narayanan, R.; El-Sayed, M. A. Chem. Rev. 2005, 105, 
1025. 
(78) Klimov, V. I.; McBranch, D. W. Phys. Rev. Lett. 1998, 80, 4028. 
(79) Klimov, V. I.; McBranch, D. W.; Leatherdale, C. A.; Bawendi, M. G. Phys. Rev. 
B 1999, 60, 13740. 
(80) Urayama, J.; Norris, T. B.; Singh, J.; Bhattacharya, P. Phys. Rev. Lett. 2001, 86, 
4930. 
 154 
 
(81) Guyot-Sionnest, P.; Wehrenberg, B.; Yu, D. J. Chem. Phys. 2005, 123, 074709. 
(82) Pandey, A.; Guyot-Sionnest, P. Science 2008, 322, 929. 
(83) Pu, C.; Qin, H.; Gao, Y.; Zhou, J.; Wang, P.; Peng, X. J. Am. Chem. Soc. 2017, 
139, 3302. 
(84) Gan, C.; Zhang, Y.; Battaglia, D.; Peng, X.; Xiao, M. Appl. Phys. Lett. 2008, 92, 
241111. 
(85) Beaulac, R.; Archer, P. I.; Ochsenbein, S. T.; Gamelin, D. R. Adv. Funct. Mater. 
2008, 18, 3873. 
(86) Chen, H. Y.; Chen, T. Y.; Berdugo, E.; Park, Y.; Lovering, K.; Son, D. H. J. 
Phys. Chem. C 2011, 115, 11407. 
(87) Xie, R.; Peng, X. J. Am. Chem. Soc. 2009, 131, 10645. 
(88) Brovelli, S.; Galland, C.; Viswanatha, R.; Klimov, V. I. Nano Lett. 2012, 12, 
4372. 
(89) Meulenberg, R. W.; van Buuren, T.; Hanif, K. M.; Willey, T. M.; Strouse, G. F.; 
Terminello, L. J. Nano Lett. 2004, 4, 2277. 
(90) Viswanatha, R.; Brovelli, S.; Pandey, A.; Crooker, S. A.; Klimov, V. I. Nano 
Lett. 2011, 11, 4753. 
(91) Grandhi, G. K.; Tomar, R.; Viswanatha, R. ACS Nano 2012, 6, 9751. 
(92) Jo, D.-Y.; Kim, D.; Kim, J.-H.; Chae, H.; Seo, H. J.; Do, Y. R.; Yang, H. ACS 
Appl. Mater. Interfaces 2016, 8, 12291. 
(93) Panda, S. K.; Hickey, S. G.; Demir, H. V.; Eychmüller, A. Angew. Chem. Int. Ed. 
2011, 50, 4432. 
 155 
 
(94) Sharma, M.; Gungor, K.; Yeltik, A.; Olutas, M.; Guzelturk, B.; Kelestemur, Y.; 
Erdem, T.; Delikanli, S.; McBride, J. R.; Demir, H. V. Adv. Mater. 2017, 29, 
1700821. 
(95) Meinardi, F.; McDaniel, H.; Carulli, F.; Colombo, A.; Velizhanin, K. A.; 
Makarov, N. S.; Simonutti, R.; Klimov, V. I.; Brovelli, S. Nat. Nanotechnol. 
2015, 10, 878. 
(96) Sippel, P.; Albrecht, W.; Mitoraj, D.; Eichberger, R.; Hannappel, T.; 
Vanmaekelbergh, D. Nano Lett. 2013, 13, 1655. 
(97) Miaja-Avila, L.; Tritsch, J. R.; Wolcott, A.; Chan, W. L.; Nelson, C. A.; Zhu, X. 
Y. Nano Lett. 2012, 12, 1588. 
(98) Manjavacas, A.; Liu, J. G.; Kulkarni, V.; Nordlander, P. Acs Nano 2014, 8, 7630. 
(99) Sundararaman, R.; Narang, P.; Jermyn, A. S.; Goddard Iii, W. A.; Atwater, H. A. 
Nat. Commun. 2014, 5, 5788. 
(100) Dexter, D. L. J. Chem. Phys. 1953, 21, 836. 
(101) Peña, M. A.; Fierro, J. L. G. Chem. Rev. 2001, 101, 1981. 
(102) Kojima, A.; Teshima, K.; Shirai, Y.; Miyasaka, T. J. Am. Chem. Soc. 2009, 131, 
6050. 
(103) Burschka, J.; Pellet, N.; Moon, S.-J.; Humphry-Baker, R.; Gao, P.; Nazeeruddin, 
M. K.; Grätzel, M. Nature 2013, 499, 316. 
(104) Zhou, H.; Chen, Q.; Li, G.; Luo, S.; Song, T.-b.; Duan, H.-S.; Hong, Z.; You, J.; 
Liu, Y.; Yang, Y. Science 2014, 345, 542. 
 156 
 
(105) Im, J.-H.; Lee, C.-R.; Lee, J.-W.; Park, S.-W.; Park, N.-G. Nanoscale 2011, 3, 
4088. 
(106) Yettapu, G. R.; Talukdar, D.; Sarkar, S.; Swarnkar, A.; Nag, A.; Ghosh, P.; 
Mandal, P. Nano Lett. 2016, 16, 4838. 
(107) De Roo, J.; Ibáñez, M.; Geiregat, P.; Nedelcu, G.; Walravens, W.; Maes, J.; 
Martins, J. C.; Van Driessche, I.; Kovalenko, M. V.; Hens, Z. ACS Nano 2016, 
10, 2071. 
(108) Kang, J.; Wang, L.-W. J. Phys. Chem. Lett. 2017, 8, 489. 
(109) ten Brinck, S.; Infante, I. ACS Energy Lett. 2016, 1, 1266. 
(110) Koscher, B. A.; Swabeck, J. K.; Bronstein, N. D.; Alivisatos, A. P. J. Am. Chem. 
Soc. 2017, 139, 6566. 
(111) Liu, F.; Zhang, Y.; Ding, C.; Kobayashi, S.; Izuishi, T.; Nakazawa, N.; Toyoda, 
T.; Ohta, T.; Hayase, S.; Minemoto, T.; Yoshino, K.; Dai, S.; Shen, Q. ACS Nano 
2017, 11, 10373. 
(112) Akkerman, Q. A.; Motti, S. G.; Srimath Kandada, A. R.; Mosconi, E.; 
D’Innocenzo, V.; Bertoni, G.; Marras, S.; Kamino, B. A.; Miranda, L.; De 
Angelis, F.; Petrozza, A.; Prato, M.; Manna, L. J. Am. Chem. Soc. 2016, 138, 
1010. 
(113) Weidman, M. C.; Seitz, M.; Stranks, S. D.; Tisdale, W. A. ACS Nano 2016, 10, 
7830. 
(114) Bekenstein, Y.; Koscher, B. A.; Eaton, S. W.; Yang, P.; Alivisatos, A. P. J. Am. 
Chem. Soc. 2015, 137, 16008. 
 157 
 
(115) Dou, L.; Lai, M.; Kley, C. S.; Yang, Y.; Bischak, C. G.; Zhang, D.; Eaton, S. W.; 
Ginsberg, N. S.; Yang, P. Proc. Natl. Acad. Sci. U.S.A. 2017, 114, 7216. 
(116) Zhang, D.; Yu, Y.; Bekenstein, Y.; Wong, A. B.; Alivisatos, A. P.; Yang, P. J. 
Am. Chem. Soc. 2016, 138, 13155. 
(117) Zhang, L.; Yang, X.; Jiang, Q.; Wang, P.; Yin, Z.; Zhang, X.; Tan, H.; Yang, Y.; 
Wei, M.; Sutherland, B. R.; Sargent, E. H.; You, J. Nat. Commun. 2017, 8, 
15640. 
(118) Kovalenko, M. V.; Protesescu, L.; Bodnarchuk, M. I. Science 2017, 358, 745. 
(119) Nedelcu, G.; Protesescu, L.; Yakunin, S.; Bodnarchuk, M. I.; Grotevent, M. J.; 
Kovalenko, M. V. Nano Lett. 2015, 15, 5635. 
(120) Akkerman, Q. A.; D’Innocenzo, V.; Accornero, S.; Scarpellini, A.; Petrozza, A.; 
Prato, M.; Manna, L. J. Am. Chem. Soc. 2015, 137, 10276. 
(121) Parobek, D.; Dong, Y.; Qiao, T.; Rossi, D.; Son, D. H. J. Am. Chem. Soc. 2017, 
139, 4358. 
(122) Saliba, M.; Matsui, T.; Seo, J.-Y.; Domanski, K.; Correa-Baena, J.-P.; 
Nazeeruddin, M. K.; Zakeeruddin, S. M.; Tress, W.; Abate, A.; Hagfeldt, A.; 
Gratzel, M. Energy Environ. Sci. 2016, 9, 1989. 
(123) Lee, J. W.; Kim, D. H.; Kim, H. S.; Seo, S. W.; Cho, S. M.; Park, N. G. Adv. 
Energy Mater. 2015, 5, 1501310. 
(124) Parobek, D.; Roman, B. J.; Dong, Y.; Jin, H.; Lee, E.; Sheldon, M.; Son, D. H. 
Nano Lett. 2016, 16, 7376. 
 158 
 
(125) Liu, W.; Lin, Q.; Li, H.; Wu, K.; Robel, I.; Pietryga, J. M.; Klimov, V. I. J. Am. 
Chem. Soc. 2016, 138, 14954. 
(126) Rossi, D.; Parobek, D.; Dong, Y.; Son, D. H. J. Phys. Chem. C 2017, 121, 17143. 
(127) van der Stam, W.; Geuchies, J. J.; Altantzis, T.; van den Bos, K. H. W.; 
Meeldijk, J. D.; Van Aert, S.; Bals, S.; Vanmaekelbergh, D.; de Mello Donega, 
C. J. Am. Chem. Soc. 2017, 139, 4087. 
(128) Brennan, M. C.; Herr, J. E.; Nguyen-Beck, T. S.; Zinna, J.; Draguta, S.; 
Rouvimov, S.; Parkhill, J.; Kuno, M. J. Am. Chem. Soc. 2017, 139, 12201. 
(129) Utzat, H.; Shulenberger, K. E.; Achorn, O. B.; Nasilowski, M.; Sinclair, T. S.; 
Bawendi, M. G. Nano Lett. 2017, 17, 6838. 
(130) Park, Y.-S.; Guo, S.; Makarov, N. S.; Klimov, V. I. ACS Nano 2015, 9, 10386. 
(131) Rainò, G.; Nedelcu, G.; Protesescu, L.; Bodnarchuk, M. I.; Kovalenko, M. V.; 
Mahrt, R. F.; Stöferle, T. ACS Nano 2016, 10, 2485. 
(132) Swarnkar, A.; Chulliyil, R.; Ravi, V. K.; Irfanullah, M.; Chowdhury, A.; Nag, A. 
Angew. Chem. 2015, 127, 15644. 
(133) Becker, M. A.; Vaxenburg, R.; Nedelcu, G.; Sercel, P. C.; Shabaev, A.; Mehl, M. 
J.; Michopoulos, J. G.; Lambrakos, S. G.; Bernstein, N.; Lyons, J. L.; Stöferle, 
T.; Mahrt, R. F.; Kovalenko, M. V.; Norris, D. J.; Rainò, G.; Efros, A. L. Nature 
2018, 553, 189. 
(134) Yang, Y. A.; Chen, O.; Angerhofer, A.; Cao, Y. C. J. Am. Chem. Soc. 2008, 130, 
15649. 
 159 
 
(135) Zhu, Y.; Murali, S.; Cai, W.; Li, X.; Suk, J. W.; Potts, J. R.; Ruoff, R. S. Adv. 
Mater. 2010, 22, 3906. 
(136) Zhang, J.; Yang, H.; Shen, G.; Cheng, P.; Zhang, J.; Guo, S. Chem. Commun. 
2010, 46, 1112. 
(137) Debgupta, J.; Pillai, V. K. Nanoscale 2013, 5, 3615. 
(138) Dong, Y.; Son, D. H. J. Phys. Chem. Lett. 2015, 6, 44. 
(139) Zhang, J.; Yu, J.; Jaroniec, M.; Gong, J. R. Nano Lett. 2012, 12, 4584. 
(140) Lightcap, I. V.; Kamat, P. V. Acc. Chem. Res. 2013, 46, 2235. 
(141) Chang, H.; Sun, Z.; Yuan, Q.; Ding, F.; Tao, X.; Yan, F.; Zheng, Z. Adv. Mater. 
2010, 22, 4872. 
(142) Guo, S.; Bao, D.; Upadhyayula, S.; Wang, W.; Guvenc, A. B.; Kyle, J. R.; 
Hosseinibay, H.; Bozhilov, K. N.; Vullev, V. I.; Ozkan, C. S.; Ozkan, M. Adv. 
Funct. Mater. 2013, 23, 5199. 
(143) Chen, Z.; Berciaud, S.; Nuckolls, C.; Heinz, T. F.; Brus, L. E. ACS Nano 2010, 4, 
2964. 
(144) Jing, P.; Ji, W.; Yuan, X.; Ikezawa, M.; Zhang, L.; Li, H.; Zhao, J.; Masumoto, 
Y. J. Phys. Chem. Lett. 2013, 4, 2919. 
(145) Morales-Narváez, E.; Pérez-López, B.; Pires, L. B.; Merkoçi, A. Carbon 2012, 
50, 2987. 
(146) Kundu, S.; Sadhu, S.; Bera, R.; Paramanik, B.; Patra, A. J. Phys. Chem. C 2013, 
117, 23987. 
(147) Lightcap, I. V.; Kamat, P. V. J. Am. Chem. Soc. 2012, 134, 7109. 
 160 
 
(148) Maiti, S.; Chen, H.-Y.; Park, Y.; Son, D. H. J. Phys. Chem. C 2014, 118, 18226. 
(149) Zhang, J.; Yu, J. G.; Jaroniec, M.; Gong, J. R. Nano Lett. 2012, 12, 4584. 
(150) Eda, G.; Lin, Y. Y.; Mattevi, C.; Yamaguchi, H.; Chen, H. A.; Chen, I. S.; Chen, 
C. W.; Chhowalla, M. Adv. Mater. 2010, 22, 505. 
(151) Son, D. H.; Wittenberg, J. S.; Alivisatos, A. P. Phys. Rev. Lett. 2004, 92. 
(152) Yang, Y.; Lian, T. Coord. Chem. Rev. 2014, 263, 229. 
(153) Avanesian, T.; Christopher, P. J. Phys. Chem. C 2014, 118, 28017. 
(154) Marchuk, K.; Willets, K. A. Chem. Phys. 2014, 445, 95. 
(155) Linic, S.; Christopher, P.; Xin, H. L.; Marimuthu, A. Acc. Chem. Res. 2013, 46, 
1890. 
(156) Yu, S.; Kim, Y. H.; Lee, S. Y.; Song, H. D.; Yi, J. Angew. Chem.-Int. Edit. 2014, 
53, 11203. 
(157) DuChene, J. S.; Sweeny, B. C.; Johnston-Peck, A. C.; Su, D.; Stach, E. A.; Wei, 
W. D. Angew. Chem. Int. Ed. 2014, 53, 7887. 
(158) Kang, Y.; Gong, Y.; Hu, Z.; Li, Z.; Qiu, Z.; Zhu, X.; Ajayan, P. M.; Fang, Z. 
Nanoscale 2015. 
(159) Ingram, D. B.; Linic, S. J. Am. Chem. Soc. 2011, 133, 5202. 
(160) Warren, S. C.; Thimsen, E. Energy Environ. Sci. 2012, 5, 5133. 
(161) Mubeen, S.; Lee, J.; Singh, N.; Kramer, S.; Stucky, G. D.; Moskovits, M. Nat. 
Nanotechnol. 2013, 8, 247. 
(162) Wang, F.; Liu, X. G. Chem. Soc. Rev. 2009, 38, 976. 
 161 
 
(163) Gamelin, D. R.; Gudel, H. U. In Transition Metal and Rare Earth Compounds: 
Excited States, Transitions, Interactions Ii 2001; Vol. 214, p 1. 
(164) Zhang, Z. L.; Sheng, S. X.; Zheng, H. R.; Xu, H. X.; Sun, M. T. Nanoscale 2014, 
6, 4903. 
(165) Kushida, T.; Tanaka, Y.; Oka, Y. Solid State Commun. 1974, 14, 617. 
(166) Park, Y.; Pravitasari, A.; Raymond, J. E.; Batteas, J. D.; Son, D. H. Acs Nano 
2013, 7, 10544. 
(167) Christopher, P.; Xin, H.; Marimuthu, A.; Linic, S. Nat. Mater. 2012, 11, 1044. 
(168) Chen, H.-Y.; Maiti, S.; Nelson, C. A.; Zhu, X.; Son, D. H. J. Phys. Chem. C 
2012, 116, 23838. 
(169) Jasieniak, J.; Califano, M.; Watkins, S. E. ACS Nano 2011, 5, 5888. 
(170) Dong, Y.; Rossi, D.; Parobek, D.; Son, D. H. ChemPhysChem 2016, 17, 660. 
(171) Cowell, E. W.; Alimardani, N.; Knutson, C. C.; Conley, J. F.; Keszler, D. A.; 
Gibbons, B. J.; Wager, J. F. Adv. Mater. 2011, 23, 74. 
(172) Karaman, M. E.; Pashley, R. M.; Waite, T. D.; Hatch, S. J.; Bustamante, H. 
Colloid Surf. A 1997, 129-130, 239. 
(173) Bernasconi, J.; Cartier, E.; Pfluger, P. Phys. Rev. B 1988, 38, 12567. 
(174) Pong, W. J. Appl. Phys. 1969, 40, 1733. 
(175) Gimbert-Suriñach, C.; Albero, J.; Stoll, T.; Fortage, J.; Collomb, M.-N.; 
Deronzier, A.; Palomares, E.; Llobet, A. J. Am. Chem. Soc. 2014, 136, 7655. 
(176) Andrew Frame, F.; Carroll, E. C.; Larsen, D. S.; Sarahan, M.; Browning, N. D.; 
Osterloh, F. E. Chem. Commun. 2008, 2206. 
 162 
 
(177) Wu, K.; Chen, J.; McBride, J. R.; Lian, T. Science 2015, 349, 632. 
(178) Christopher, P.; Xin, H.; Linic, S. Nature Chem. 2011, 3, 467. 
(179) Atar, F. B.; Battal, E.; Aygun, L. E.; Daglar, B.; Bayindir, M.; Okyay, A. K. Opt. 
Express 2013, 21, 7196. 
(180) García de Arquer, F. P.; Mihi, A.; Konstantatos, G. ACS Photonics 2015, 2, 950. 
(181) Sobhani, A.; Knight, M. W.; Wang, Y.; Zheng, B.; King, N. S.; Brown, L. V.; 
Fang, Z.; Nordlander, P.; Halas, N. J. Nat. Commun. 2013, 4, 1643. 
(182) Dong, Y.; Parobek, D.; Rossi, D.; Son, D. H. Nano Lett. 2016, 16, 7270. 
(183) Brown, A. M.; Sundararaman, R.; Narang, P.; Goddard, W. A.; Atwater, H. A. 
ACS Nano 2016, 10, 957. 
(184) Jeong, K. S.; Guyot-Sionnest, P. ACS Nano 2016, 10, 2225. 
(185) Dong, Y. T.; Choi, J.; Jeong, H. K.; Son, D. H. J. Am. Chem. Soc. 2015, 137, 
5549. 
(186) Kumar, D.; Lee, A.; Lee, T.; Lim, M.; Lim, D.-K. Nano Lett. 2016, 16, 1760. 
(187) Xie, W.; Schlücker, S. Nat. Commun. 2015, 6, 7570. 
(188) Chen, H. Y.; Maiti, S.; Nelson, C. A.; Zhu, X. Y.; Son, D. H. J. Phys. Chem. C 
2012, 116, 23838. 
(189) Schwede, J. W.; Bargatin, I.; Riley, D. C.; Hardin, B. E.; Rosenthal, S. J.; Sun, 
Y.; Schmitt, F.; Pianetta, P.; Howe, R. T.; Shen, Z.-X.; Melosh, N. A. Nature 
Mater. 2010, 9, 762. 
(190) Zhang, L.; Zhu, D.; Nathanson, G. M.; Hamers, R. J. Angew. Chem. Int. Ed. 
2014, 53, 9746. 
 163 
 
(191) Zhu, D.; Zhang, L.; Ruther, R. E.; Hamers, R. J. Nat. Mater. 2013, 12, 836. 
(192) Parobek, D.; Dong, Y.; Qiao, T.; Son, D. H. Chem. Mater. 2018. 
(193) Song, J. Z.; Li, J. H.; Li, X. M.; Xu, L. M.; Dong, Y. H.; Zeng, H. B. Adv. 
Mater. 2015, 27, 7162. 
(194) Yakunin, S.; Protesescu, L.; Krieg, F.; Bodnarchuk, M. I.; Nedelcu, G.; Humer, 
M.; De Luca, G.; Fiebig, M.; Heiss, W.; Kovalenko, M. V. Nat. Commun. 2015, 
6, 8056. 
(195) Wang, Y.; Li, X. M.; Song, J. Z.; Xiao, L.; Zeng, H. B.; Sun, H. D. Adv. Mater. 
2015, 27, 7101. 
(196) Ramasamy, P.; Lim, D. H.; Kim, B.; Lee, S. H.; Lee, M. S.; Lee, J. S. Chem. 
Commun. 2016, 52, 2067. 
(197) Polavarapu, L.; Nickel, B.; Feldmann, J.; Urban, A. S. Adv. Energy Mater. 2017, 
7, 1700267. 
(198) Swarnkar, A.; Marshall, A. R.; Sanehira, E. M.; Chernomordik, B. D.; Moore, D. 
T.; Christians, J. A.; Chakrabarti, T.; Luther, J. M. Science 2016, 354, 92. 
(199) Beal, R. E.; Slotcavage, D. J.; Leijtens, T.; Bowring, A. R.; Belisle, R. A.; 
Nguyen, W. H.; Burkhard, G. F.; Hoke, E. T.; McGehee, M. D. J. Phys. Chem. 
Lett. 2016, 7, 746. 
(200) Akkerman, Q. A.; Gandini, M.; Di Stasio, F.; Rastogi, P.; Palazon, F.; Bertoni, 
G.; Ball, J. M.; Prato, M.; Petrozza, A.; Manna, L. Nat. Energy 2016, 2, 16194. 
(201) Akkerman, Q. A.; D'Innocenzo, V.; Accornero, S.; Scarpellini, A.; Petrozza, A.; 
Prato, M.; Manna, L. J. Am. Chem. Soc. 2015, 137, 10276. 
 164 
 
(202) Zhang, D. D.; Yang, Y. M.; Bekenstein, Y.; Yu, Y.; Gibson, N. A.; Wong, A. B.; 
Eaton, S. W.; Kornienko, N.; Kong, Q.; Lai, M. L.; Alivisatos, A. P.; Leone, S. 
R.; Yang, P. D. J. Am. Chem. Soc. 2016, 138, 7236. 
(203) Dutta, A.; Dutta, S. K.; Das Adhikari, S.; Pradhan, N. ACS Energy Lett. 2018, 
329. 
(204) Almeida, G.; Goldoni, L.; Akkerman, Q.; Dang, Z.; Khan, A. H.; Marras, S.; 
Moreels, I.; Manna, L. ACS Nano 2018, 12, 1704. 
(205) Hendricks, M. P.; Campos, M. P.; Cleveland, G. T.; Jen-La Plante, I.; Owen, J. S. 
Science 2015, 348, 1226. 
(206) Jin, H.; Ahn, M.; Jeong, S.; Han, J. H.; Yoo, D.; Son, D. H.; Cheon, J. J. Am. 
Chem. Soc. 2016, 138, 13253. 
(207) Shen, Y.; Gee, M. Y.; Tan, R.; Pellechia, P. J.; Greytak, A. B. Chem. Mater. 
2013, 25, 2838. 
(208) Woo, J. Y.; Kim, Y.; Bae, J.; Kim, T. G.; Kim, J. W.; Lee, D. C.; Jeong, S. 
Chem. Mater. 2017, 29, 7088. 
 
 
 
